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FEASIBILITY STUDY FOR AN X-RAY BACKSCATTER 

FREE AIR DENSITY SENSOR 

bY 

David B. Hakewessell 

Gamma-ray scattering techniques for measuring atmospheric 

density from a high velocity vehicle have been experimentally 

demonstrated to 60 km altitude. 

were found to limit the accuracy at altitudes above 60 km. 

The source of this high background is believed to be the result 

of multiple scatter of gamma-rays in the vehicle skin. Modi- 

fied gam-ray sources are recommended which will reduce this 

effect and improve accuracy at high altitudes. 

Excessive background levels 
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FEASIBILITY STUDY FOR AN X-RAY BACKSCATTER 

FREE AIR DENSITY SENSOR 

By David B. Hakewessell 

SUMMARY 

The f e a s i b i l i t y  of measuring atmospheric densi ty  a t  high 

a l t i t u d e s  fram veh ic l e s  t rave l ing  a t  high v e l o c i t i e s  using an 

X-ray (or  g a m  ray) backscat ter  technique has  been demonstrated. 

Hardware has been developed and a i r  densi ty  soundings have been 

made from the  Nike-Apache boost vehicle .  

soundings a r e  i n  agreement w i t h  t heo r i e s  developed r e l a t i n g  the  

gamma ray s c a t t e r i n g  p r inc ip l e s  t o  the a i r  densi ty  measurement. 

The r e s u l t s  of these 

The high a l t i t u d e  capab i l i t y  of the a i r  densi ty  measurement 

system i s  present ly  l i m i t e d  by a high background. 

background level i s  t h e  r e s u l t  of mul t ip le  skin s c a t t e r  of high 

energy gamma rays o r ig ina t ing  a t  t he  gamma ray source. This i s  

a unique c h a r a c t e r i s t i c  of t h e  p a r t i c u l a r  source ma te r i a l  used 

and no t  a l i m i t a t i o n  of the  gamma ray backsca t te r  technique. 

Gamma and X-ray sources a r e  ava i lab le  t h a t  do not e x h i b i t  t h i s  

c h a r a c t e r i s t i c  and may eventually prove the  system capab i l i t y  t o  

measure a i r  densi ty  a t  90 lan a l t i t u d e .  

This high 



INTRODUCTION 

The measurement of atmospheric densi ty  a t  h igh  a l t i t u d e  

from vehic les  t r ave l ing  a t  h igh  v e l o c i t i e s  i s  u s e f u l  i n  severa l  

app l i ca t ions ,  These include measurement f o r  determining t h e  

aerodynamic proper t ies  of high performance f l i g h t  vehic les ,  and 

measurement'of unknown atmospheres of p l a n e t s  o the r  than Earth 

from space probes. A sensing technique, based on the  p r i n c i p l e  

t h a t  t he  i n t e n s i t y  of backscat tered gamma r a d i a t i o n  i s  r e l a t e d  

t o  the  density of the  f r e e  a i r  being measured, shows much 

promise of providing an accura te  measure f o r  such app l i ca t ions .  

I Figure 1 i l l u s t r a t e s  t h i s  measurement p r i n c i p l e .  Gamma 

rad ia t ion ,  emanating from a r ad ioac t ive  i so tope  source loca ted  

i n  the  vehicle,  passes  through t h e  v e h i c l e  sk in  i n t o  the  

athosphere whose dens i ty  i s  t o  be measured. 

g a k a  photons a r e  s c a t t e r e d  by the  atmosphere a t  a r a t e  propor- 

t i o n a l  t o  the number of photons emitted and the  dens i ty  of t he  

A por t ion  of the  

s c a t t e r i n g  media. A por t ion  of these  s c a t t e r e d  photons reaches 

t h e  de tec tor  and a r e  sensed. The r a t e  a t  which these  photons 

a r e  sensed i s  thus propor t iona l  t o  t h e  atmospheric densi ty .  

Several  programs have been conducted i n  r ecen t  years  which 

have provided much information subs t an t i a t ing  t h e  f e a s i b i l i t y  

of measuring a i r  densi ty  using t h i s  gamma backsca t te r  technique. 

These include a paper study of s c a t t e r i n g  and absorpt ion tech- 

niques f o r  a i r  dens i ty  measurement ( r e f .  l), an X-ray a i r  

s c a t t e r  demonstration i n  a l a r g e  a l t i t u d e  chamber ( r e f .  2 ) ,  

2 
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Figure 1 - Gamma Backscatter A i r  Density Sensing Technique I l lustrated 
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t h r e e  balloon experiments i n  which gama backsca t t e r  techniques 

were employed t o  measure a i r  densi ty  from ground l e v e l  t o  33 km 

a l t i t u d e  (.data not y e t  published),  and the  forerunner of the  

present  work i n  which a measurement of a i r  dens i ty  was made 

from t h e  Nike-Apache veh ic l e  over an a l t i t u d e  range of 20 t o  70 

I 

km. The r e su l t s  of t h i s  f i r s t  gamma backsca t t e r  a i r  densi ty  

measurement experiment from the  Nike-Apache a r e  shown i n  f i g u r e  

2, g iving the measured densi ty  a s  a funct ion of a l t i t u d e .  

s i g n i f i c a n t  conclusion reached from t h i s  experiment was t h a t  the  

The 

measurement technique i s  f e a s i b l e  using p r a c t i c a l  hardware and 

radioisotope sources of reasonable s t rength .  I t  was a l s o  

learned t h a t  the high a l t i t u d e  measurement c a p a b i l i t y  of t he  

f l i g h t  apparatus was l imi ted  by a higher  than a n t i c i p a t e d  level 

of background rad ia t ion .  

The purpose of t h e  present  program was t o  extend the  a l t i t u d e  

range of t h e  sensing apparatus t o  higher  a l t i t u d e .  This was t o  be 

accomplished by increas ing  the  s t r eng th  of t h e  gamma r a d i a t i o n  

source and providing a means t o  measure the  ambient background 

.t 
I .  

r a d i a t i o n  l eve l .  

The measurement system was designed, fabr ica ted ,  and f l i g h t -  

t e s t e d  j o i n t l y  by Giannini Controls Corporation and NASA-Langley 

Research Cen te r .  Two complete s y s t e m s  w e r e  brought up t o  f l i g h t  

t es t  readiness  and one sys tem was f l i g h t - t e s t e d .  Giannini 

Controls Corporation provided the  source, t he  de t ec to r s  wi th  

t h e i r  associated e l ec t ron ic s ,  and the  t e l e m e t r y  sys t em.  NASA- 

Langley Research Center provided the  ex te rna l  s t ruc tu re ,  boost 

4 
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Figure 2 - Gamma Backscatter A i r  Density Measurement Data, 
F l ight  T e s t  17 December 1964 
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vehic les ,  and a mechanism t o  modulate t h e  source by a l t e r n a t e l y  

exposing and sh ie ld ing  the  source capsule.  Sys tem checkout, 

c a l i b r a t i o n ,  and f l i g h t  readiness  t e s t i n g  w e r e  performed a t  

Langley Research Center, using NASA f a c i l i t i e s .  

F l i g h t  t e s t i n g  of one sys t em was performed using t h e  NASA 

The results of t h i s  f l i g h t  t es t  t e s t  range a t  Wallops I s land .  

a r e  shown i n  f i g u r e  3 giving the  measured dens i ty  a s  a funct ion 

of a l t i t u d e .  The background i s  again h igh  and consequently the  

high a l t i t u d e  c a p a b i l i t y  i s  not  improved. 

The s i g n i f i c a n t  conclusions reached by examination of t he  

f l i g h t  da ta  i s  t h a t  mu l t ip l e  skin s c a t t e r i n g  of high energy gamma 

photons from the  p a r t i c u l a r  radioisotope source used i s  the  cause 

of t he  unexpected h igh  ambient r a d i a t i o n  levels detected.  Addi- 

t i o n a l  s tud ie s  have shown methods of reducing t h i s  ambient level 

and provide d i r e c t i o n  f o r  f u r t h e r  experimental v e r i f i c a t i o n  of 

the  c a p a b i l i t i e s  of the  technique. The f e a s i b i l i t y  tests have 

provided a firm b a s i s  f o r  t he  use  of t h i s  measurement technique 

t o  appl ica t ions  such a s  the  measurement of t h e  atmospheric dens i ty  

p r o f i l e  t o  the p l ane t  Mars. 

The work reported i n  t h i s  document inc ludes  a technica l  

desc r ip t ion  of  the sensing apparatus,  a t h e o r e t i c a l  desc r ip t ion  of 

the  sensor operation, an e r r o r  a n a l y s i s  showing the  measurement 

c a p a b i l i t i e s  of the  sensor, desc r ip t ions  of t h e  performance tes t -  

ing of t h e  sensors p r i o r  t o  the  f l i g h t  test, a desc r ip t ion  of the  

sys t em c a l i b r a t i o n  procedures and results, a desc r ip t ion  of t h e  

f l i g h t  and f l i g h t  tes t  r e s u l t s ,  a n a l y s i s  of t h e  f l i g h t  tes t  

data ,  and the f i n a l  conclusions and recommendations r e s u l t i n g  from 

6 
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Figure 3 - Gamma Backscatter Air Density Measurement Data, 
Flight Test 20 January 1966 
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. 
SYMBOLS AND UNITS 

The In t e rna t iona l  'System of '  U n i t s  w i i l  be used throughout 

t h i s  report .  

The symbols are def ined below. 

A atomic number ,, 

2 Ad de t ec to r  a rea ;  cm 

a gamma abundance> 

C ve loc i ty  of l i g h t  

D de tee tor  diameter, cm I 

D dose buildup f ac to r  

E p a r t i c l e  energy, MeV + 

e e1ectr;onic charge . .  

G - geome.try f ac to r ,  

GO 

G1 

G2 

G3 

hi 

hO 

I C  

'b 

I d  

I O  

I O  

Iof 

de tec tor  geometry f a c t o r  

L .  

f r a c t i o n  of gannaas reaching sk in  

inve r se ,  sqwere 

f r a c t i o n  of second sca t te red  gammas reaching de tec tor  

a l t i t u d e  a t  the  i t h  data point ,  km 

a l t i t u d e  a t  theso t h  data point ,  lan ,, 

background r ad ia t ion  level ,  pulse/  second 

detected rad ia t ion  level with the  sh i e ld  closed, pulses/  

second 

detected r ad ia t ion  leve l ,  pulses/second 

detected r ad ia t ion  level - .  with the  s h i e l d  open, pulses/second 

source s t rength,  pulse/second 1 

f l i g h t  source s t rength,  cu r i e s  

- 
oss.,fr*om f i r s t  s c a t t e r '  t o  second scatter 
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SYMBOLS AND UNITS - Continued 

t e s t  source s t rength,  c u r i e s  

skin sca t te red  r ad ia t ion  t o  de tec tor ,  pulses/second 

photons t ransmit ted from source t o  de tec tor  through sh ie ld ,  

I o t  

Is, 

It 
+ pulses/second 

wal l  sca t te red  r ad ia t ion  level i n  a l t i t u d e  sphere, pulses/  

second 
I W  

-1 3 K sensor c a l i b r a t i o n  constant ,  pulses-sec - kgm-l - m 
-1 - cur ie  

Ka f r ac t ion  of source photons t ransmit ted without absorpt ion - 
-1 3 -m Kc sensor s e n s i t i v i t y  with sh i e ld  closed, pulses-sec-l-kgm 

Kd f r ac t ion  of photons reaching skin t ransmit ted t o  de t ec to r  

without absorpt ion 

sensor s e n s i t i v i t y  with sh i e ld  open, pulses-sec-l-kgm 

transmission of 2.18 MeV gammas through r ad ia t ion  sh ie ld  

transmission of bremsstrahlung gammas through rad$ation 

sh ie ld  

-1 -3  -m KO 

K1 

K2 
! 

k sensor c a l i b r a t i o n  constant  measured i n  a l t i t u d e  sphere, 
-1 3 pulses-sec -kgm-m 

L detector  length,  c m  

e lec t ron  mass mO 

N Avogadros Number 

number of detected counts, pulses  Nd 
P pressure i n  c a l i b r a t i o n  chamber, mm hg 

standard pressure,  mm hg 
p S  

r dis tance from source t o  de t ec to r ;  cm 

10 



SYMBOLS AND UNITS - Continued 

'd 
S 

S 

S 

T 

TS 

t 

vi 
X 

x1 

x2 
X 

C 

X m 
X '  

S 

Z 

B 

€0 

e 

CI 

% 
% 

p C  

P i  

P 

detec tor  s e n s i t i v i t y  

s t a b i l i t y  f ac to r  associated i t h  shock layer  

d i s tance  from source t sca t t e r ing  center ,  c m  

temperature i n  ca l ib ra t ion  chamber, OK 

standard temperature, OK 

dis tance  from de tec tor  t o  s c a t t e r i n g  center ,  cm 

re s idua l  d i f fe rence  

length of absorpt ion path,  cm 

thickness  of sk in  near 'source, cm 

length of skin i n  v i c i n i t y  of detector ,  cm 

thickness  of capsule  w a l l ,  e m  

thickness  of modulating shield,  cm 

thicknesq -of skin, .= cm " )  

atomic weight 

c o e f f i c i e n t  r e l a t i n g  the exponential  v a r i a t i o n  of densi ty  

with a l t i t u d e ,  km-I 

permi t t i v i ty  of vacuum 

angle from source t o  sca t t e r ing  center  with respect  t o  

c e n t e r l i n e  

mass absorpt ion coef f ic ien t ,  c m  /gm 
2 capsule  mass absorpt ion coef f ic ien t ,  c m  /gm 

2 skin m a s s  absorpt ion coef f ic ien t ,  cm /gm 

2 

densi ty ,  gm/cm 3 , kgm/m 3 

capsule  densi ty ,  gm/cm 3 

3 densi ty  a t  the  a l t i t u d e  of the i t h  data  point ,  kgm/m 

11 



P f  

'm 

PO 

p S  

p S  

OS 

7 

cg 

CP 

Jr 

- deo 
U n  

do 
bL 

SYMBOLS AND UNITS - Continued 

3 value  of t he  i t h  data  poin t ,  kgm/m ,. 
3 modulating s h i e l d  densi ty ,  gm/cm 

density a t  t he  a l t i t u d e  of t h e  o t h  da t a  poin t ,  kgm/m 
3 standard densi ty ,  kgm/m 

sk in  density, gm/cm 

mass sca t t e r ing  coe f f i c i en t ,  cm / g m  

counting t i m e  i n t e r v a l ,  seconds 

angle  through which photon s c a t t e r s  

angle  about r o l l  a x i s  

angle  from de tec to r  t o  s c a t t e r i n g  cen te r  wi th  respec t  t o  

c e n t e r l i n e  

3 

3 

2 

sca t t e r ing  c r o s s  sec t ion  pe r  e l e c t r o n  per  u n i t  s o l i d  angle  

cm'/electron/radian 

mass sca t t e r ing  c ros s  sec t ion  pe r  u n i t  s o l i d  angle, c m 2 / p /  

radian 

hv quantum energy 

12  



SENSOR TECHNICAL DESCRIPTION 

System Description 

The block diagram of the a i r  densi ty  sensing sys tem i s  

shown i n  f i g u r e  4 .  Low energy gamma photons, 134 keV, emit ted 

from the rad ioac t ive  i so tope  source s c a t t e r  i n  the atmosphere. 

A por t ion  of these sca t t e red  photons i s  sensed by a p a i r  of 

s c i n t i l l a t i o n  detectors .  

t he  de t ec to r s  i s  proport ional  t o  t h e  a i r  densi ty .  

s h i e l d  i s  placed between the  source and de tec tors  t o  prevent 

r ad ia t ion  from reaching the  de tec tors  d i r ec t ly .  

modulating sh ie ld  a l t e r n a t e l y  covers and exposes the  source with 

a two-second period. 

a t tenuated  and the  a i r - sca t t e red  s igna l  i s  reduced. 

densi ty  and background level are then obtained by so lu t ion  of 

The rate a t  which these photons reach 

A tungsten 

A small tungsten 

When the source i s  covered the  output i s  

The a i r  

t h e  following two equations: 

where 

Ib = ,background r ad ia t ion  level 

= detected rad ia t ion  l eve l  w i t h  the  sh i e ld  open 

IC = detected r ad ia t ion  l eve l  with the  s h i e l d  closed 

p 

KO = s e n s i t i v i t y  of a i r - sca t t e red  r ad ia t ion  with sh ie ld  

IO 

= densi ty  of a i r  being measured 

open 

Kc = s e n s i t i v i t y  t o  a i r - sca t t e red  r ad ia t ion  with s h i e l d  

closed 

13 
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Solving f o r  

and solving 

densi ty  g ives  

P 
I o  - I C  
=RLK 

0 C 

f o r  background 

K 

gives 

I C  - Kc I o  
KO KC 

- 'b = 

If the  r a t i o  i s  very large, these  reduce t o  x, c 
I o  - I C ,  

P =  V 
"0 

and 

'b = IC 

When the  s h i e l d  i s  closed the  de tec tor  i s  measuring back- 

ground and when the  s h i e l d  i s  open the  de t ec to r  i s  measuring a i r -  

s c a t t e r e d  r ad ia t ion  p lus  background. 

Two de tec t ion  channels a re  used t o  provide redundancy im- 

The detec tor  output s i g n a l s  are modified proving r e l i a b i l i t y .  

by the  s igna l  condi t ioning c i r c u i t r y  t o  be compatible with an 

FM-FM telemetry subsystem. 

The data from th ree  auxi l ia ry  measurements i s  a l s o  t rans-  

mi t t ed  by the  telemetry subsystem. These aux i l i a ry  measuremepts 

a r e  the  longi tudina l  acce lera t ion  of the  vehicle ,  the  temperature 

of t he  sensor e l ec t ron ic s ,  and a s igna l  showing the  pos i t i on  of 

t he  modulating sh ie ld .  

The source modulation subsystem provides the  power, motl- 

vat ion,  timing, and pos i t i on  ind ica t ion  necessary f o r  the  

operat ion of the  modulating shield.  

15 



" i The power subsystem and groiin i n t e r f a c e  provides the  power 

necessary t o  operate  the  sensor and>proyi&s t h e  i n t e r f a c e  wi th  

the ground cont ro l  subsystem. 

vides,  through umbil ical  cable.$, .fneans f o r  opera t ing  the  sys t em 

on ex te rna l  power, mean& f a r  switching t o  i n t e r n a l  power, means 

The ground c o n t r o l  subsystem pro- 
.;; 1 " . , ." - ** 

f o r ?  charging b a t t e r i e s ,  and means f o r  monitoring v i a  ha rd l ine  

the sensor outputs. 

The data acqu i s i t i on  and reduct ion subsystem a r e  standard 
.-9 i 

t f o r  receiving, recording, and reducing the  
' .  

t a '  and radar  a l t i t u d e  t racking  da ta .  The t e l e m e t r y  
3 , L i  

the  measure o r 'density and background a s  a 

funct ion of time. The radar  da ta  provides the  measure of a l t i -  
= > 3 : i  'I , "i; 4 p . - b ;  , ' ,*I . "  

tude versus  time. These sets are combined t o  g ive  a measure of . .  
This dens i ty -a l t i t ude  p r o f i l e  i s  then 

compared w i t h  measu s made by Arcas 

radiosonde soundings and the  s tandard a t  

evaluate  performance of t he  measurement s y s t e m .  

The sensor i s '  c a r r i e d  a l t i t u d e  by the  two-stage Nike- 
~ t j l  I .  

8 .  I *  I 
~ ' I  L 

Apache boost system. Figure 5 i l l u s t r a t e s  t he  mechanical a r -  

t h e  var  e n t s  of the  sys tem.  Figure 6 

i l l u s t r a t e s  t he  sensor r e l a t ionsh ip  

Spurce and Sh ie ld ing .  j ,  

The rad ioac t ive  i so tope  source and. sh j e ld ing  are loca ted  i n  

the  veh ic l e  nose cone i n  t h e  configurat ion shown i n  f i g u r e  7 .  

The source mater ia l  i s  encapsulated i n  two sea led  s t a i n l e s s  

16 
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s tee l  containers,  the  ou te r  one being an i n t e g r a l  p a r t  of t he  

nose piece.  This nose piece/source assembly i s  screwed i n t o  t h e  

forward nose cone during the  f i n a l  phases of launch prepara t ion .  

The source modulating s h i e l d  i s  a small tungsten cup wi th  0.318 

cm wal l  thickness.  

i s  energized and i s  withdrawn when the  solenoid i s  deenergized. 

The forward tungsten s h i e l d  and c a r e f u l l y  con t ro l l ed  solenoid 

s t roke  accurately maintain the  source p a t t e r n  when the  s h i e l d  i s  

open. 

p r o t e c t s  the  de t ec to r  from d i r e c t  transmission. 

This cup covers t he  source when the  solenoid 

A truncated conica l  tungsten s h i e l d  23.1 cm i n  length  

Source. - The source ma te r i a l  used i n  t h i s  experiment i s  

Cerium-144 and i t s  daughter Praseodymium-144. The decay scheme, 

s i g n i f i c a n t  emissions, and abundance per  d i s i n t e g r a t i o n  a r e  

i l l u s t r a t e d  i n  f igu re  8. 

u se fu l  f o r  density measurement. 

such t h a t  the a i r  e x h i b i t s  a high s c a t t e r i n g  c ros s  sec t ion .  This 

energy i s  a l so  high enough so t h a t  s e l f  absorpt ion and ab- 

sorp t ion  by the veh ic l e  skin i s  not  severe. The few percent  of 

high energy gammas i s  undesirable  s ince  i t  r equ i r e s  a t h i ck  

sh ie ld  to  a t t enua te  the d i r e c t  transmission from the  source t o  

de t ec to r .  The high energy be ta s  a r e  a l s o  undes i rab le  s ince  the  

bremsstrahlung r ad ia t ion  c rea t ed  by these  b e t a s  a s  they pass  

through t h e  capsule wa l l s  i s  a s i g n i f i c a n t  po r t ion  of the  high 

energy gamma f lux .  The s e l e c t i o n  of Cerium-144, however, was 

based on the  f a c t  t h a t  f o r  t h i s  experiment heavy sh ie ld ing  was 

The 134 keV gammas a r e  t h e  photons 

Their  energy i s  r e l a t i v e l y  low 

20 
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l ess  of a problem t h a t  ob ta in ing  a h igh  s t r eng th  source with no 

high energy f lux .  

The ha l f  l i f e  of Cerium-144 i s  285 days. This i s  long 

enough so tha t  once the source i s  f a b r i c a t e d  long delays i n  

f l i g h t  t e s t  schedules do not  cause i n t o l e r a b l e  weakening of t h e  

source s t r e n g t h .  The h a l f  l i f e  of t h e  Praseodymium-144 i s  1 7  

minutes. The daughter i s  thus sho r t ly  i n  equi l ibr ium wi th  the  

Cerium-144. 

Three sources a r e  used t o  c a l i b r a t e  and t e s t  t he  sensor.  A 

10 microcurie source i s  used t o  c a l i b r a t e  t he  de t ec to r  e l e c t r o n i c s  

and i s  used to  ve r i fy  sensor operat ion during pre-launch 

a c t i v i t y .  A ha l f - cu r i e  t es t  source i s  used t o  c a l i b r a t e  t he  

sensor i n  a l a rge  a l t i t u d e  chamber. This source i s  f a b r i c a t e d  i n  

a configurat ion i d e n t i c a l  t o  the  f l i g h t  source. C e r i u m  Oxide 

i s  mixed w i t h  the  i so tope  such t h a t  t h e  s e l f  absorpt ion charac te r -  

i s t i c s  a r e  the  same. The r a t i o  of s t r eng ths  between the  t e s t  

source and f l i g h t  source may then be used t o  modify the  c a l i -  

b r a t i o n  obtained with the  lower s t r eng th  source. A 50 c u r i e  

source i s  used f o r  f l i g h t  t e s t i n g .  

Cerium-144 i s  a v a i l a b l e  with a very high s p e c i f i c  a c t i v i t y ,  

>200 curies/gm. This makes poss ib l e  
3 r ing  source of f igu re  7 i s  0.075 cm 

of 6.0 g m / c m j ,  t h i s  allows 0.45 gram 

then requi res  

curies/gram. 

The dose 
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source ma te r i a l  having 

a near ly  po in t  source. The 

i n  volume. With a densi ty  

of C e r i u m .  A 50 c u r i e  source 

a s p e c i f i c  a c t i v i t y  of 110 

2 r a t e  constant  f o r  Cerium-144 i s  2.0r -2m /mc-hr 



( r e f .  3). This i s  reduced considerably by absorption when en- 

capsulated i n  the  source container.  For sa fe ty  ca l cu la t ions  the  

above value i s  used f o r  conservative r e s u l t s .  

Tungsten Shield.  - The tungsten sh ie ld  i s  23 .1  cm i n  length 

f ab r i ca t ed  from a s ing le  piece of tungsten wi th  a density of 17.7 

gm/cm . The sh ie ld  has a s p i r a l  groove machined down the  s ide  t o  

a i d  i n  bonding the  sh i e ld  t o  the f i b e r g l a s s  skin.  I n  addition, a 

longi tudina l  groove provides a pa th  f o r  t h e  e l e c t r i c a l  cab le  to  

t h e  source modulating mechanism. 

3 

Source Modulating Shield.  - The source modulating sh ie ld  and 

solenoid a r e  loca ted  i n  the  forward nose cone as seen i n  f i g u r e  

7. The solenoid c o n t r o l l e r  and b a t t e r i e s  a r e  loca ted  i n  the a f t  

fuselage sect ion.  

subsystem i s  shown i n  f igu re  9. 

The block diagram of the  source modulating 

The modulating sh ie ld  covers t he  

source when the solenoid i s  ac t iva t ed  and exposes the  source when 

the  solenoid i s  deact ivated.  The solenoid i s  con t ro l l ed  by the 

solenoid ac t iva t ion  switch which provides power from the  ba t te ry .  

The switch i s  cont ro l led  by the timer which provides the  one- 

second open one-second closed sequence. The sh ie ld  pos i t i on  

ind ica t ing  switch switches a zero and f ive -vo l t  reference s igna l  

t o  the telemetry sys tem as an ind ica t ion  of s h i e l d  pos i t ion .  The 

ground i n t e r f a c e  switch and umbilical  make poss ib l e  remote oper- 

a t i o n  of the sh i e ld  modulator with ground power. 

The s h i e l d  mechanism i s  designed t o  operate  under a l l  con- 

d i t i o n s  of acce le ra t ion  expected, except t he  boost acce lera t ion .  

Under boost, the  sh i e ld  remains open and the  source remains ex- 
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posed. 

leave the  source exposed such t h a t  t he  densi ty  measurement may 

s t i l l  be made. 

Any f a i l u r e  of the  source modulating subsystem w i l l  

Detector 

The de tec tor  assembly i s  i l l u s t r a t e d  i n  f i g u r e  10. The 

gamma rad ia t ion  i s  sensed by two thal l ium ac t iva t ed  sodium iodide 

c r y s t a l s .  

energy i s  converted t o  l i g h t  s c i n t i l l a t i o n s .  

t he  l i g h t  s c i n t i l l a t i o n  i s  proport ional  t o  the  energy absorbed by 

t h e  c r y s t a l .  

the  face  of the  photomult ipl ier  tube. Here, the  l i g h t  ejects 

e l ec t rons  from the  photocathode which a r e  mul t ip l ied  as they 

avalanche down the  s t r i n g  of dynodes. The output pulse  a t  t h e  

photomult ipl ier  tube anode i s  thus of measurable magnitude and 

proport ional  t o  the  energy deposited i n  the  c r y s t a l  by the  gamma 

photon. 

As the  gamma photons are absorbed by the  c r y s t a l ,  the  

The magnitude of 

The l i g h t  passes  through the  o p t i c a l  coupling t o  

Crys ta l  Assembly. - The sodium iodide c r y s t a l  assembly con- 

s is ts  of two ha l f - cy l ind r i ca l  c r y s t a l s  4 cm thick by 8.5 cm 

diameter.  

s h i e l d  so t h a t  they may operate  independent of one another.  

c r y s t a l s  are mounted i n  an aluminum housing, a r e  coated with 

l i g h t  r e f l e c t i v e  mater ia l ,  and cushioned i n  a shock-absorbing 

mater ia l .  

pos i t i on  aga ins t  each c rys ta l .  

rugged construct ion considering t h e  usual  f r a g i l i t y  of l a r g e  sodium 

iodide c r y s t a l s .  

These two c r y s t a l s  a r e  separated by a t h i n  tungsten 

The 

A g l a s s  window 2.5  cm i n  diameter i s  epoxied i n t o  

This  whole assembly i s  of very 
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Photomult ipl ier  Tube Assembly. - The photomult ipl ier  tubes 

a r e  of  rugged construct ion w i t h  a semitransparent photocathode 

and t e n  dynodes. The nominal acce lera t ing  vol tage appl ied across  

the  tube i s  1,000 v o l t s  providing a gain of 6 x 10’. 

r e s i s t o r  chain c o n s i s t s  of t e n  lOOk ohm r e s i s t o r s  and one 200k 

ohm r e s i s t o r  between the  cathode and dynode number one. 

Capaci tors  a r e  connected t o  the l a s t  th ree  dynodes t o  maintain 

vol tage  and gain a t  high pulse  r a t e s .  

capsulated i n  the  photomult ipl ier  tube assembly a t  t he  base of 

t he  tube. An e l e c t r o s t a t i c  s h i e l d  wrapped around the  photomulti- 

p l i e r  tube holds the  tube envelope a t  the  photocathode po ten t i a l .  

The photomult ipl ier  assembly i s  h e l d - i n  place by a hypernom tube 

which a l s o  serves a s  the  magnetic sh ie ld .  

The dynode 

These components a r e  en- 

Detector Housing. - The c r y s t a l  assembly and photomult ipl ier  

tube assemblies a r e  housed i n  an opaque f i b e r g l a s s  container .  

The c r y s t a l  assembly i s  held i n  place by a 1000-pound preload 

appl ied by the  c r y s t a l  housing loading pad aga ins t  t he  tube hous- 

ing, s i l a s t i c  f i l l e r ,  and base-plate.  This high preload was 

necessary t o  minimize v ibra t ion  resonance of the  c r y s t a l  assembly 

i n  t h e  de tec tor .  

c r y s t a l  assembly by a 20-pound preload. This prevents  the  photo- 

m u l t i p l i e r  tube from pul l ing  away from the c r y s t a l  assembly when 

subjected t o  the boost  accelerat ion.  T h i s  de tec tor  assembly i s  

at tached t o  the  sensor in t e rna l  s t ruc tu re  by the  base-plate .  

The photomult ipl ier  tubes are  held aga ins t  t he  

L 

Detector Output. - The detector  output pulses ,  corresponding 
, 
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t o  the  134 keV gammas detected,  a r e  approximately 30 m i l l i v o l t s  

high and 0.5 microsecond wide. The pu l se  he ight  r e so lu t ion  of 

these de tec tors  i s  q u i t e  poor, due t o  t h e  p e c u l i a r  geometry and 

s m a l l  window area .  

source, a s  measured by t h i s  detector ,  i s  shown l a t e r  i n  t h i s  

repor t  ( see  f i g u r e  23) .  

The pulse  he ight  spectrum from t h e  Cerium-144 

Signal Conditioning 

The s ignal  condi t ioning e l e c t r o n i c s  opera te  on the  de t ec to r  

output t o  provide s igna l s  t h a t  a r e  compatible wi th  t h e  FM-FM 

t e l e m e t r y  subsystem. This s igna l  condi t ioning i s  i l l u s t r a t e d  i n  

the  block diagram of f i g u r e  11. The pulse  outputs  from the  de- 

tector a f t e r  ampl i f ica t ion  a r e  se l ec t ed  on a pu l se  he ight  b a s i s  

by the l eve l  d i scr imina tors .  

a r e  selected, shaped,and passed on t o  the  s c a l e r .  

cr iminators  a r e  used with each de tec tor .  The levels  a r e  set  

above and below the  pulse  he ights  equivalent  t o  the  p a r t i c u l a r  

energy of interest .  

level discr iminator  minus the  upper l e v e l  d i scr imina tor  i s  equiv- 

a l e n t  t o  the pulse  r a t e  of those pulses  f a l l i n g  between the  two 

levels. I n  t h i s  way, low level noise  i s  r e j e c t e d  and h igh  

energy background i s  r e j ec t ed .  The s c a l e r s  d iv ide  the  pulse  r a t e  

by 1 6  i n  order t o  lower t h e  bandwidth requirement of the  

t e l e m e t r y  system and somewhat r egu la r i ze  the  random t i m e  spacing 

of the pulses.  

of the s igna ls  s en t  t o  the  t e l eme t ry  subsystem. 

Pulses  above a c e r t a i n  threshold 

Two level d i s -  

The d i f fe rence  i n  pulse  r a t e s  from the low 

The f i l t e r s  l i m i t  t h e  high frequency component 

Discriminators.  - The amplif ier ,  low level  discr iminator ,  
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and proper l e v e l  discr iminator  f o r  each de tec tor  channel a r e  

packaged in to  a s ing le  module. This module ampl i f ies  t he  photo- 

m u l t i p l i e r  tube output by a vol tage  ga in  v a r i a b l e  from 20 t o  70. 

The amplified s igna l s  a r e  then selected,  using tunnel  diode 

t r igge r ing  c i r c u i t s .  

a l l  i npu t  pulses g r e a t e r  i n  amplitude than the  des i red  base level.  

These c i r c u i t s  provide output pu lses  f o r  

The discriminator output pu lses  a r e  6 v o l t s  i n  he ight  and 

0.2 microsecond i n  width. The t r i g g e r  c i r c u i t r y  opera tes  up t o  

5 x 10 5 pulse p e r  second r a t e s .  

Scaler .  - The s c a l e r s  c o n s i s t  of a s e r i e s  of four f l i p - f l o p  

modules. The fou r th  f l i p - f l o p  modifies the  output pu lse  f o r  com- 

p a t i b i l i t y  with the input  requirements of the  t e l e m e t r y  subsystem 

vol tage-control led o s c i l l a t o r s .  An emitter follower output i s  

taken from t h i s  fou r th  f l i p - f l o p  t o  d r i v e  s igna l s  through long 

monitoring cable  of t h e  ground in t e r f ace .  

F i l t e r s . -  The output of the  s c a l e r s  i s  a t tenuated  a t  high 

pulse  r e p e t i t h  r a t e s  bylow pass  f i l t e r s .  

of these  f i l t e r s  a r e  500, 1,000, 2,000, and 5,000 cps. 

The cu tof f  f requencies  

Auxiliary Sensors. - The veh ic l e  longi tudina l  acce le ra t ion  

i s  measured by t h e  accelerometer wi th  a range of -10 t o  +40 g 

and a potentiometer output.  

e l e c t r o n i c  c i r c u i t r y  i s  measured by a thermistor  network. 

regula ted  reference vol tage  f o r  t he  accelerometer, thermistor  

networks, and sh ie ld  pos i t i on  s igna l  a r e  obtained from a small 

The temperature of t h e  sensor 

The 

sensor i n t e r f a c e  module. 
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The FM-FM te lemetry used t o  t ransmit  data  t o  the  ground 

s t a t i o n  i s  i l l u s t r a t e d  i n  f igu re  12. 

2-watt output minimum and a c a r r i e r  frequency of 244.3 megacycles 

p e r  second. 

The t ransmi t te r  has a 
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Seven vol tage cont ro l led  o s c i l l a t o r s  and a composite s igna l  

ampl i f ie r  a r e  used t o  modulate the  t ransmi t te r .  Standard I R I G  

subcar r ie r  channels a r e  used. Channels 9, 10, and 11 carry low 

bandwidth information; Channels 12 ,  A, C, and E carry pulse  

da ta  . 
The antenna i s  constructed a s  p a r t  of the  fuselage of the  

payload sect ion.  A forward r ing segment af the  fuselage i s  

separated from the  rest of the fuselage by an alumina in su la to r .  

This r ing i s  exc i ted  by the  t ransmi t te r  output.  

An RF shielding cover and gasket  a r e  placed over the  e n t i r e  

t e l e m e t r y  sec t ion  t o  minimize noise  i n  the  sensor.  A l l  elec- 

t r i c a l  connections through t h i s  shielded sec t ion  a r e  made 

through low pass  f i l t e r s  t o  minimize RF noise  on power and s igna l  

l i n e s .  

Power Subsystem 

Primary power f o r  t he  sensor i s  der ived from a ba t t e ry  pack 

The t o t a l  payload, of 2 4  n icke l  cadmium rechargeable b a t t e r i e s .  

not including the  source modulating subsystem which contains  

i t s  own puwer source, requires  1.1 amperes of 28  v o l t s  dc cur ren t .  

Primary power i s  converted t o  several  vo l tage  levels by a 

dc/dc converter .  Negative 1.5 v o l t s ,  -1000 v o l t s ,  +12 v o l t s ,  

+22 v o l t s ,  and +28 v o l t s  a r e  required by the  sensor.  

Ground In t e r f ace  ., 

During c a l i b r a t i o n  and checkout p r i o r  t o  launch, ex terna l  

power i s  supplied and sensor outputs  a r e  monitored v i a  an 
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umbil ical  connector, cabling, and t e s t  set. I n t e r l o c k  c i r c u i t r y  

i s  provided which prevents  any vol tage  from being present  on 

e i t h e r  connector u n t i l  the  two a r e  properly mated. A set  of s i x  

two-pole, double-throw, ha l f  - s i z e  c r y s t a l  can, l a t ch ing  r e l ays  

perform t h i s  deac t iva t ion  of t he  umbi l ica l  i n  t he  payload a s  

w e l l  as  switch b a t t e r y  power t o  the  sensor e l e c t r o n i c s  and 

t e l e m e t r y  subsystem. Two r e l ays  a r e  used i n  p a r a l l e l  t o  switch 

the  power i n  order t o  improve the  r e l i a b i l i t y  of t h i s  c r i t i c a l  

function. 

The functions of the  tes t  set  a r e  l i s t e d  below: 

Provide ground power t o  the  sensor e l e c t r o n i c s  and 

display cur ren t  

Provide ground power t o  the  t e l e m e t r y  subsystem 

and display cu r ren t  

Provide ba t t e ry  charging funct ion and display 

charging cur ren t  

Switch from ground power t o  b a t t e r y  power and v i c e  

versa 

Measure and display elapsed t i m e  accumulated on 

ba t t e ry  power 

S t ruc tu re  

The mechanical s t r u c t u r e  can bes t  be described by r e f e r r i n g  

t o  f i g u r e  5. The Source Modulator Timing and Power Subsystem 

a r e  mounted i n  a c y l i n d r i c a l  aluminum housing a t tached  t o  the  

head cap of the  Apache boost veh ic l e .  

The i n t e r n a l  s t r u c t u r e  i s  vo l t ed  t o  the  top of t h i s  housing. 
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The i n t e r n a l  s t r u c t u r e  cons is t s  of two aluminum H beam sec t ions  

on which sys tem components a re  mounted. The lower beam sect ion 

i s  welded t o  a t h i ck  base p l a t e  which a l s o  serves a s  a heat  s ink 

t o  slow the  hea t  t r a n s f e r  from the  ex terna l  skin.  A c y l i n d r i c a l  

sec t ion  connects the  lower and upper beam sec t ions  and provides 

electrical clearance f o r  the antenna f langes.  

bo l ted  t o  a p l a t e  welded t o  the forward end of the  upper beam 

The de tec tor  i s  

sect ion.  

The ex terna l  s t r u c t u r e  cons i s t s  of a s t a i n l e s s  steel 

fuselage,  separated longi tudinal ly  i n t o  two sec t ions  which are 

insu la t ed  from one another by a r ing  of alumina; a f ibe rg la s s  

nose cone containing the  tungsten sh ie ld ;  a f i b e r g l a s s  forward 

nose cone containing the sh ie ld  modulating mechanism; and a 

s t a i n l e s s  steel nose piece supporting the  source capsule.  

These sec t ions  a r e  threaded together.  The j o i n t s  between the  

fuselage and nose cone and t h e  nose cone and forward nose cone 

a r e  breach lock.  

The weight summary i s  given below: 

Shield timing assembly 

Sen sor  a s s  anbly 

Fuselage and nose cones 

To ta l  - 

6.4 kgm 

14.3 kgm 

38.0 kgm 

58.7 kgm 
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THEORY OF OPERATION 

A t heo re t i ca l  treatment of t he  a i r  densi ty  sensing s y s t e m  

The physics of s c a t t e r i n g  operat ion i s  given i n  t h i s  sec t ion .  

i s  discussed and the  c h a r a c t e r i s t i c s  of t he  source and de tec to r  

a r e  out l ined.  

Physics of Sca t t e r ing  

Many modes of i n t e r a c t i o n  of gamma rays  with mat te r  a r e  pos- 

s i b l e .  Compton sca t te r ing ,  pho toe lec t r i c  absorption, and p a i r  

production dominate s t rongly f o r  t he  gamma ray energies  t o  be 

considered. E f fec t s  of o ther  processes a r e  neg l ig ib l e .  The 

th ree  s i g n i f i c a n t  processes a r e  described below. 

Compton Sca t te r ing .  - A gamma ray s c a t t e r s  from a s ing le  

e l ec t ron  which i s  i n  an o r b i t  about a nucleus. This e l ec t ron  

absorbs some of t he  gamma ray energy and i s  f r eed  from i t s  

o r b i t .  The energy of the  s c a t t e r e d  gamma ray depends upon i t s  

o r i g i n a l  energy, t he  energy required t o  f r e e  the  e lec t ron ,  and 

the  angles  of s ca t t e r ing .  

Photoe lec t r ic  Absorption. - The gama  ray energy i s  com- 

p l e t e l y  t ransfer red  t o  an o r b i t i n g  e l ec t ron  which then leaves 

i t s  o r b i t .  

P a i r  Production. - The gamma ray i n t e r a c t s  w i th  the  e lec-  
\ 

t r i c  f i e l d  about a nucleus o r  an e l ec t ron  and i s  converted i n t o  

a pos i t ron  and an e l ec t ron .  A minimum gamma ray energy of 1.02 

MeV i s  necessary. 

Of these th ree  i n t e r a c t i o n  processes, p a i r  production i s  

small since the re  a r e  few gamma photons with energ ies  g rea t e r  
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than 1.02 MeV, and photoe lec t r ic  absorption c r e a t e s  e l ec t rons  

which have a neg l ig ib l e  chance of being counted. The Compton 

s c a t t e r i n g  i s  the  most s i g n i f i c a n t  process. 

The Compton s c a t t e r i n g  process has been described theoret-  

i c a l l y  by Klein and Nishina showing t h a t  t he  d i f f e r e n t i a l  c ros s  

sec t ion  f o r  t he  number of photons sca t t e red  i n t o  u n i t  s o l i d  

angle  a t  angle cp per  electron of ma te r i a l  i s  given by 

where 
hv a ='-z 

mOC 

vers cp = 1 - cos cp (7b) 

This r e l a t i o n  i s  i l l u s t r a t e d  i n  f igu re  13 showing t h e  energy 

and angular dependence on the s c a t t e r i n g  c ros s  sect ion.  

This e l ec t ron  sca t t e r ing  c r o s s  sect ion,  when mul t ip l ied  by 

the  number of e l ec t rons  per  un i t  densi ty  of t he  s c a t t e r i n g  media 

gives the  mass s c a t t e r i n g  cross sect ion (z). For gases  t h i s  i s  du 

- =  do deu NZ 
OR dn- A 

For m o s t  gases t h e  r a t i o  of atomic weight t o  atomic power 

number, Z/A, i s  very close to  two. The s c a t t e r i n g  c ros s  

sec t ion  of gases i s  thus nearly independent of the  gas 

composition. 
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I -  

A predict ion of t h e  system s e n s i t i v i t y  i n  terms of photons 

sca t t e red  i n t o  the  de tec tor  p e r  u n i t  t i m e  can be computed f o r  a 

p a r t i c u l a r  source s t rength,  geometry, and a i r  densi ty  from the  

above equations.  This becomes qu i t e  involved when the  angular 

dependence of the  sca t t e r ing  c ros s  sec t ion  i s  considered. For 

approximate predict ion,  t he  angular dependence w i l l  be  assumed 

equal  f o r  a l l  s c a t t e r i n g  angles. Referr ing t o  f igu re  13 and 

remembering t h a t  the  energy i s  low and the  sca t t e r ing  angles  are 

small, i t  i s  seen t h a t  the assumption of equal angular dependence 

does not  modify the r e s u l t  t o  a l a rge  extent .  A s ing le  s c a t t e r -  

ing coe f f i c i en t  w i l l  be assumed a s  the  d i f f e r e n t i a l  c ros s  

sec t ion  in t eg ra t ed  over angles from 0 t o  180 degrees. The do 

r e s u l t a n t  s c a t t e r i n g  coe f f i c i en t  as a funct ion of photon energy 

i s  shown i n  f i g u r e  14. This coe f f i c i en t ,  when mul t ip l ied  by t he  

densi ty  of the  s c a t t e r i n g  medium and a d i f f e r e n t i a l  length,  

g ives  the r a t i o  of photons sca t te red  t o  the  number incident .  

The energy of the  sca t te red  photons i s  less than the  energy 

of t he  inc ident  photon and dependent on the  s c a t t e r i n g  angle  

and incident  energy. This re la t ionship i s  i l l u s t r a t e d  i n  f igu re  

15 showing the  f r ac t ion  of energy given t o  the  sca t t e red  photons 

as a funct ion of the  angle of photon s c a t t e r i n g  f o r  var ious 

photon energies .  

s c a t t e r i n g  angles  the  photon lo ses  very l i t t l e  energy. 

Notice tha t  a t  low incident  energies  and l o w  

Source Charac te r i s t ics  

The Cerium-144 source used i n  the experiment has a series 

of gamma and beta  emissions previously l i s t e d  i n  f i g u r e  8.  

be ta  p a r t i c l e s  as they a r e  absorbed i n  the  source capsule  generate  

The 
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add i t iona l  bremsstrahlung r ad ia t ion .  The t o t a l  spectrum of gama 

energy from t h e  source i s  discussed i n  Appendix A.  

i nan t  energy f o r  s c a t t e r i n g  purposes i s  the  134 keV l i n e .  

r i n g  t o  f igure  8, t he  abundance, a, of t h i s  l i n e  i s  30%, i . e . ,  

t h i r t y  134 keV emission per one hundred d i s i n t e g r a t i o n s  of the  

source. A f r a c t i o n  of these  photons i s  absorbed a s  they leave  

t h e  vehicle .  The absorpt ion takes  p l ace  i n  t h e  source ma te r i a l  

i t s e l f ,  i n  t he  capsule  w a l l s ,  and i n  t h e  veh ic l e  skin.  The ex- 

pression describing t h i s  absorption i s :  

The predom- 

Refer- 

( 9 )  
Ka = e - P P X  

where Ka i s  the  f r a c t i o n  of i n i t i a l  photons t ransmi t ted  without 

absorption, p i s  the  mass absorption c o e f f i c i e n t  f o r  t he  mater ia l  

and energy being considered, P i s  t h e  densi ty  of the  ma te r i a l ,  

and x i s  the thickness  o f . t h e  ma te r i a l .  With t h e  r i n g  source 

i l l u s t r a t e d  i n  f i g u r e  7, t he  length  of t he  absorpt ion path de- 

pends on the angle a t  which the  photon leaves the  source. Those 

leaving the  source r a d i a l l y  away from t h e  cen te r  l i n e  a r e  a t t e n -  

uated by a f a c t o r  of 45%. 

toward the  center  l i n e  a r e  a t tenuated  by a f a c t o r  of 90.3%. 

Those leaving r a d i a l l y  a t  an angle of 45 degrees away from the  

cen te r  l i n e  a r e  a t tenuated  by a f a c t o r  of 57%. 

Those leaving the  source r a d i a l l y  

The forward and r e a r  angular l i m i t s  a r e  e s t ab l i shed  by the  

loca t ion  of the  tungsten sh ie lds .  It  i s  estimated t h a t  wi th in  

the  l i m i t s  of t he  sh ie lds ,  absorpt ion e f f e c t s  reduce t h e  a v a i l -  

ab l e  134 keV photons by a f a c t o r  of 0.90, i . e . ,  Ka = 0.10. 

Source Modulator 

When the tungsten cup of the  source modulator covers t he  
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source capsule i t  a t t enua te s  the source output f lux  severely. 

The tungsten cup i s  0.317 cm th ick  and exh ib i t s  a densi ty  of 

approximately 1 7  gm/cm . 
funct ion of photon energy i s  shown i n  f igu re  16. The photon 

energy spectrum a f t e r  a t tenuat ion i s  discussed i n  Appendix A.  

3 The r e s u l t a n t  transmission a s  a 

Detection 

The thall ium ac t iva t ed  sodium iodide c r y s t a l s  employed i n  

the  sensor a r e  highly e f f i c i e n t  f o r  the  de tec t ion  of the 134 keV 

gamma photons. 

l a r g e  diameter c r y s t a l ,  approximately 8.5 cm. This was done a t  

t he  s a c r i f i c e  of energy resolut ion s ince  only a 5 cm photo- 

m u l t i p l i e r  tube window i s  employed with each 28 cm2 h a l f  c r y s t a l  

face, thus providing relatively poor l i g h t  co l l ec t ion .  The 

de tec t ion  s e n s i t i v i t y  t o  incident  photons i s  modified by the 

absorption of the  skin and c r y s t a l  housing and the  de t ec to r  a rea  

The de tec t ion  a rea  was maximized by using a 

2 

seen" by the inc ident  photons. This s e n s i t i v i t y  ( sd)  can be ( 1  

described mathematically a s  follows: 

'd = Ad Kd Sin 6 (10) 

where Ad ( s i n @  i s  the  a rea  presented to  t h e  photon en ter ing  a t  

angle 8 from the  r o l l  ax is ,  and Kd i s  t h e  transmission through 

the  sk in  and de tec tor  housing. For the  134 keV gama photons, 

Kd = 0.75. 

The t i m e  response of the de tec tor  i s  l imi ted  by the s c i n t i l -  

l a t o r  decay constant.  For sodium iodide t h i s  i s  0.25 CI second. 

To in su re  counting lo s ses  of less  than one percent, it i s  neces- 

sary t o  operate a t  c o u n t k g  r a t e s  under 20,000 pulses  per  second. 
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Mathematical Model 

A mathematical model of t he  sensor has been derived t o  pre- 

d i c t  t he  s y s t e m  response t o  the measured a i r  densi ty .  

Referr ing t o  the  geometries ind ica ted  i n  f i g u r e  17,  the  

following r e l a t i o n s  are derived 

Io a Ka us p s i n  Jr 
drp dJr d s  (11) - 

4rr 
Each s c a t t e r i n g  cen te r  i s  assumed a d i f f e r e n t i a l  source, dIs, 

whose s t r eng th  i s  proport ional  t o  t h e  f l u x  passing through a 

dIs  - 

d i f f e r e n t i a l  volume of a i r  with a thickness  ds, a densi ty  p and 

a s c a t t e r i n g  c ros s  sec t ion  osn 

The amount of f l u x  reaching the  d i f f e r e n t i a l  volume of 

a i r  i s  equal t o  t h e  e f f e c t i v e  source s t rength,  Io a Ka, t i m e s  

t he  s o l i d  angle  encompassed by t h e  d i f f e r e n t i a l  volume, 

s i n  $ dq d$, divided by the  t o t a l  s o l i d  angle, 4rr. 

The amount of f l u x  reaching the  de tec tor ,  dId, from t h i s  

d i f f e r e n t i a l  source i s  proport ional  t o  t h e  s t rength ,  dIs, t h e  

de t ec to r  s e n s i t i v i t y ,  sdj and inverse ly  proport ional  t o  the  

square of t h e  d is tance  t o  t h e  de tec tor ,  t .  

Equations 10, 11, and 12 may be combined and s impl i f i ed  us ing  

the  geometrical r e l a t ionsh ips  of f i g u r e  17  t o  g ive  the  follow- 

ing expression :: 



Figure 17 - Geometries for Math Model 
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T h i s  expression may be in tegra ted  through the angles  rp, 

$ t o  give the  t o t a l  f l u x  I d '  

3, and 

The l i m i t s  of i n t eg ra t ion  a r e  

r p = o - ? - z n  

l - r - $  e = o -  
JI = $1- $ 2  

$, and J I z  a r e ' t h e  l i m i t s  of t h e  source emission p a t t e r n  estab-  

l i s h e d  by the tungsten shields .  

Performing the  ind ica ted  in t eg ra t ions  

expression : 

gives t h e  following 

G 

where G is t h e  geametry f a c t o r  

(16) G = s i n  t2 - s i n  JI, + J12 - $1 

For the  source limits of q 1  = 30" and $z  =: goo-, 3 

G = 1.55 

The sca l e  f a c t o r  per  cu r i e  of Ce-144 source a t  t h e  134 keV 

energy i s  computed below. 

Kh = 0.75 

Io = 3.7 x l o l o  protons/second 

a = 0.30 abundance of 134,keV photons 

Ka = 0.10 
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2 CJ = 0.12 cm /gm from f i g u r e  14 f o r  134 keV 
S 

photons 

r = 43.0 cm separat ion of source and de tec to r  

Thus 

Id = Kp 

where 
K = 4.85 x 10 6 pulses-second-1-gm~1-cm3-curie -1 

Applying t h e  sca l ing  f a c t o r  of 16 and changing dens i ty  u n i t s  

gives  
K = 304 pulses-second-l-kgm -1 -m 3 - cu r i e  -1 

Background 

I n  addi t ion  t o  the  a i r  s ca t t e r ed  f lux,  a background level 

i s  detected.  This background i s  composed of severa l  elements. 

These a r e  cosmic r ad ia t ion ,  s o l a r  rad ia t ion ,  t h e  d i r e c t  t r ans -  

mission from the  source t o  the  de t ec to r  through the  r a d i a t i o n  

shield,  mul t ip le  s c a t t e r i n g  from the  source t o  the  de t ec to r  

through the  veh ic l e  skin, and e l e c t r i c a l  no ise .  

Solar Radiation. - The s o l a r  r a d i a t i o n  cont r ibu t ion  t o  

t h i s  f l u x  cons i s t s  of s o l a r  X-rays which a r e  of l o w  energy and 

con t r ibu te  n e g l i g i b l e  background, and the  proton f lux  from s o l a r  

f l a r e s .  A review of the  s o l a r  f l a r e  a c t i v i t y  ( r e f .  4) a t  the  

t i m e  of the 20 January 1966 f l i g h t  t es t  i n d i c a t e s  t h a t  the back- 

ground contr ibut ion from s o l a r  f l a r e s  i s  neg l ig ib l e .  

Cosmic Radiation. - Primary cosmic rays  c o n s i s t  of extreme- 

l y  high energy charged p a r t i c l e s  which impinge on the  e a r t h ' s  

atmosphere from ou te r  space. About 86% of the  pr imaries  a r e  
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protons,  12.7% a r e  helium nuclei ,  and the  remaining 0.3% are the  

nuc le i  of atoms of atomic number g rea t e r  than 2.  

energy p a r t i c l e s  en te r  the  ea r th ' s  atmosphere o r  impinge on a 

vehicle ,  they i n t e r a c t  and produce secondary p a r t i c l e s .  This 

process  tends t o  cascade and i s  of ten  c a l l e d  a shower process.  

The r e s u l t i n g  r ad ia t ion  i s  d i f f i c u l t  t o  measure s ince the  

secondary e f f e c t s  i n  any detector  tend t o  mask the  na ture  of t he  

r ad ia t ion  f i e l d  ac t ing  on the de tec tor .  

the noise  background due t o  t h i s  primary cosmic r ad ia t ion  comes 

from measurements made with equipment s imi la r  t o  the  densi ty  

sensing system. Figure 18 i l l u s t r a t e s  the  background count 

r a t e s  t h a t  w e r e  measured by a cesium iodide c r y s t a l  detector ,  5cm 

i n  diameter and 5 cm long. 

Deacon-Arrow sounding rocket  (Ref. 5 ) .  This data  i l l u s t r a t e s  

the  a l t i t u d e  dependence of the background showing the  maximum a t  

about 15 km a l t i t u d e .  It a l s o  i l l u s t r a t e s  l i t t l e  change i n  back- 

ground above 30 km a l t i t u d e ,  Figure 19 i l l u s t r a t e s  t he  d i f f e r -  

e n t i a l  spectra  measured i n  the var ious  a l t i t u d e  regions.  These 

data  serve a s  a u se fu l  reference f o r  the higher  energies,  but  do 

not  show the  background i n  the 100 keV region. 

A s  these  high 

The b e s t  es t imate  of 

This de tec tor  w a s  ca r r i ed  about a 

Numerous balloon f l i g h t s  have been conducted f o r  s o l a r  

f l a r e  study i n  which measurement of t h i s  s o f t e r  energy component 

has  been made a t  30 km a l t i t u d e .  

u se fu l  discussion i n  reference 6 which i l l u s t r a t e s  the  d i f f e r -  

e n t i a l  photon spectra  measured i n  May 1961 a t  energies  from 

30 keV t o  3 MeV. Also shown a r e  the  data  from several  other  

Peterson has  a p a r t i c u l a r l y  
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Figure 19 - D i f f e r e n t i a l  Spectra of Gamma Ray 

Deacon-Arrow Sounding Rocket, (Ref  5 )  
Background Measurements f r o m  
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i nves t iga to r s .  This data  i s  reproduced i n  f i g u r e  20. The i n -  

t e g r a l  spectra i s  shown i n  f i g u r e  2 1  f o r  data  from severa l  

o ther  sources ( r e f .  5, 7, 8, 9, and 10). An approximation t o  

these  data i s  a l s o  shown drawn a s  the  dashed l i n e  i n  f i g u r e s  20 

and 21. 

encompass a l l  t he  data  po in t s .  

the  payload of from 90 t o  150 keV, t h e  expected background f l u x  

above 90 keV i s  from 1 . 7  t o  1 7  pu lses  per  second pe r  cm2 and 

above 150 keV i s  1 .3  t o  13 pulses  per  second pe r  c m  . The 

geometry f a c t o r  Go, f o r  r e l a t i n g  these  f luxes  t o  a p a r t i c u l a r  

de t ec to r  dimension,is given i n  reference 6 as :  

A spread of 10 t o  1 about t h i s  l i n e  i s  a l s o  shown t o  

Assuming a window s e t t i n g  i n  

2 

(17)  
T l  L 

Go = LD (L + m) 
where L i s  t h e  de t ec to r  thickness  and D i s  the  de t ec to r  

diameter. 

background f luxes  a r e  thus given a s  follows: 

2 For t h e  f l i g h t  de tec tor  Go = 55 cm . The expected 

Expected Cosmic Background Count Rates 

E > 90 keV E > 150 keV 90 c E < 150 keV 

Minimum 93.5 pps 71.5 pps 22 PPS 

Maximum 935 pps 715 pps 220 pps 

The tungsten sh ie ld ing  near t he  de t ec to r  l i m i t s  t he  f i e l d  

of view of t h e  de t ec to r  s i g n i f i c a n t l y  and would thus  lower these  

est imates .  However, high energy proton bombardment of t he  high 

Z mater ia l  i n  t he  v i c i n i t y  of the  de t ec to r  would tend t o  i n -  

c rease  the background. 

r e l a t i v e l y  accura te  es t imate  of the cosmic cont r ibu t ion  t o  the 

background. 

It i s  f e l t  t h a t  t he  above f i g u r e s  a r e  a 
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VARIOUS RESULTS 8 

V VETTE- 5.4gm/cm2 A =  40° 
A 
N NORTHRUP, ETAL ROCKET = 40° 

ANDERSON - 6.5gm/an2 A = 6 5 O  

----- APPROXIMATION 

Figure 20 - Different ia l  Photon Spectra Measured a t  the 

Top of the Atmosphere (Ref 6)  
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I 
I -  

Direct Transmission. - Direct  transmission from the  source 

t o  the  de tec tor  i s  at tenuated by the  tungsten sh ie ld  separat ing 

the  two. 

1 7 . 7  gm/crn densi ty .  The large amount of shielding i s  required 

t o  a t t enua te  the  high energy gammas from the  source. The t rans-  

mission .expected, It, can be computed from the  following re- 

l a t ionsh ip :  

This sh ie ld  i s  23.1 cm i n  length and g rea t e r  than 
3 

where 

= 1.85 x 1 O I 2  d i s in t eg ra t ions  per  second f o r  50 IO 
c u r i e  source 

a 

AD = 57 cm 

r = 43.0  cm separation of source and de tec tor  

ppx = 0.043 x 1 7 . 7  x 23.1 = 17.6  

D = 7.0 dose buildup f ac to r  f o r  vpx = 17.6 

= 0.03 abundance of 2.185 MeV gammas 
2 de tec tor  area 

From the  above 

giving a d i r e c t  transmission of 2 1  pulses  per  second. 

The cont r ibu t ion  from the bremsstrahlung port ion of t he  

gamma spectrum i s  computed in  appendix A and found t o  be small 

compared t o  t h i s  2 1  pps countrate .  

Mult iple  Skin Sca t t e r .  - As t he  gamma f l u x  passes  through 

the  vehic le  skin, a port ion of the  photons a r e  sca t t e red  down 

the  skin toward the detector .  A por t ion  of these undergo 
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secondary and ternary s c a t t e r i n g  events  i n  the  sk in  and u l t i -  

mately reach the  de tec tor .  Although the  p robab i l i t y  of these  

events  occurring i s  extremely low, a f i n i t e  number w i l l  reach 

the  de tec tor .  Since the  i n i t i a l  f l u x  i s  very high, t h i s  number 

becomes s ign i f i can t .  The number reaching the  de t ec to r  i s  

ca lcu la ted  i n  appendix A, giving a mul t ip l e  sk in  s c a t t e r  count 

r a t e  of 1450 pps. The high energy gammas produce the  majori ty  

of t h i s  background. The low energy gammas a r e  absorbed i n  the  

skin before they reach the  de t ec to r .  

E l e c t r i c a l  noise .  - The predominant e l e c t r i c a l  no i se  comes 

from the  photomultiplier tube. Measurements of t h i s  no ise  on 

the  operating payload have shown it  t o  be small compared wi th  

r ad ia t ion  background a t  normal opera t ing  temperatures ( a  few 

pulses  per second). The low level d iscr imina tor  s e t t i n g  i s  

ad jus ted  t o  r e j e c t  most of t h i s  photomult ipl ier  tube noise .  

Shock Layer Ef fec t s  

A t  high v e l o c i t i e s ,  t h e  densi ty  i n  t h e  immediate v i c i n i t y  

of t h e  vehicle  i s  higher  than the  ambient atmosphere densi ty .  

The sca t t e r ing  geometries of t he  sensor have been designed t o  

minimize e f f e c t s  of t h i s  densi ty  inc rease  by sh ie ld ing  aga ins t  

s ca t t e r ing  events o the r  than those a t  a d i s tance  from t h e  

veh ic l e .  The source i s  shielded from rad ia t ing  a conica l  

volume of a i r  wi th  a 30" ha l f  angle. 

cone angle i s  small, only s c a t t e r i n g  events  ou ts ide  t h e  shock 

l a y e r  a re  detected.  A t  Mach numbers below M = 5 ,  t he  shock 

l a y e r  begins t o  extend i n t o  the s c a t t e r i n g  region, but  the 
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densi ty  increase  across  the shock i s  decreasing. 

i l l u s t r a t e s  the  r e s u l t s  of a graphical  a n a l y s i s  i n  which the  

e r r o r  i n  densi ty  measurement due t o  the  shock layer  i s  de- 

termined. 

Figure 22 

The maximum e r ro r  i s  seen t o  be 0.4 percent.  

Cal ibrat ion Techniques 

Cal ibrat ion of t h e  sensor involves ad jus t ing  the  discr imi-  

n a t o r  levels and es tab l i sh ing  the  s e n s i t i v i t y  of count rate t o  

densi ty .  The discr iminator  level s e t t i n g s  a r e  es tab l i shed  by 

measuring the  detector  output spec t r a l  response t o  the  d i r e c t  

transmission f r o m  a small ca l ib ra t ion  source and the  backscat ter  

from the  ha l f  c u r i e  test source i n  the  f l i g h t  pos i t ion .  

two spectra  a r e  i l l u s t r a t e d  i n  f i g u r e  23.  

s e t t i n g s  desired a r e  those  shown which encompass the  a i r  back- 

s c a t t e r  spectrum. 

m a t t e r  of ad jus t ing  the  l eve l s  u n t i l  the  count r a t e s  are equiva- 

l e n t  t o  the  i n t e g r a l  of t he  c a l i b r a t e  spectrum above the low 

level s e t t i n g  and the  upper l e v e l  s e t t i n g .  

per iodica l ly  checked by placing the  c a l i b r a t i o n  source i n  the  

same c a l i b r a t i o n  pos i t ion  and monitoring the  output  count r a t e s .  

With the  discr iminator  levels adjusted,  the sensor i s  

These 

The discr iminator  

S e t t i n g  the discr iminator  levels i s  merely a 

The s e t t i n g s  can be 

placed i n  a l a r g e  a l t i t u d e  chamber with a test  source of ap- 

proximately 0.5 c u r i e  s t rength.  The chamber i s  evacuated and 

count r a t e s  a s  a funct ion of a i r  densi ty  measured. With the  

chamber evacuated t o  a very low densi ty ,  the  wal l  s c a t t e r  con- 

t r i b u t i o n  i s  measured. This i s  then subtracted from the  

c a l i b r a t i o n  poin ts  t o  give the  a i r  s c a t t e r  c a l i b r a t i o n ,  The 
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Figure 22 - Aerodynamic Effects on Sensor Accuracy 
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Figure 23 - Sensor Spectral Response 
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c a l i b r a t i o n  a l s o  includes the  r a t i o  of s t r eng ths  of the  f l i g h t  

source and t e s t  source giving the  f l i g h t  c a l i b r a t i o n .  

Continual adjustment of t h i s  c a l i b r a t i o n  constant  i s  required 

t o  allow f o r  source decay. Addit ional  adjustment may be made 

t o  the  f l i g h t  c a l i b r a t i o n  constant  t o  c o r r e c t  f o r  minor s h i f t s  

i n  the  e l ec t ron ic s ,  This i s  done by performing a f i n a l  check 

of t he  s y s t e m  wi th  the  c a l i b r a t i o n  source i n  t h e  c a l i b r a t i o n  

pos i t i on .  

the  system c a l i b r a t i o n  constant .  

Any small s h i f t s  t h a t  a r e  de tec ted  a r e  used t o  a d j u s t  

Den s i  t y  Mea suremen t 

F l igh t  test of the  sensor provides magnetic tape  records 

of telemetered pulses  and sh ie ld  p o s i t i o n  a s  a funct ion of 

t i m e .  Data reduction involves converting t h i s  information t o  

pulse  r a t e  versus  a l t i t u d e  f o r  each s h i e l d  pos i t i on  cycle.  

This conversion i s  done e l e c t r o n i c a l l y  using counters and 

p r in tou t s  t r iggered  by the  s h i e l d  p o s i t i o n  s igna l .  

i s  a tabula t ion  of count r a t e  averaged over one second i n t e r -  

v a l s  (one-half sh i e ld  cycle)  from the  four  pulse  data  channels 

(two detectors ,  upper level and lower level discr iminator  

channels);  t i m e  a t  t he  end of each one-second per iod;  and 

The r e s u l t  

v e h i c l e  a l t i t u d e  a t  each of these  t i m e s .  The upper level count 

r a t e s  a r e  subtracted from t h e  low level count r a t e s ,  po in t  f o r  

point ,  t o  g ive the count r a t e  i n  the  energy "window" a s  a 

funct ion of a l t i t u d e .  This data  i s  then analyzed t o  remove 

the  background component and mul t ip l i ed  by the  c a l i b r a t i o n  

constant  t o  provide densi ty  a s  a funct ion of a l t i t u d e .  
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Several methods of data analysis  have been considered t o  

improve the s t a t i s t i c a l  accuracy by averaging several data 

points .  These are primarily curve-f i t t ing techniques i n  

which a curve i s  f i t t e d  t o  several data points and the values 

of  background and density are determined which provide the 

bes t  f i t .  

l -  
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PERFORMANCE TESTING 

A comprehensive t e s t  program was completed on the  f l i g h t  

The t e s t i n g  i n -  hardware in preparat ion f o r  t he  f l i g h t  tes t .  

cluded screening tes t s  on a l l  component p a r t s ,  assurance 

t e s t i n g  of a l l  assemblies, and f l i g h t  acceptance t e s t i n g  of 

the  completed payloads. All sys t em elements w e r e  q u a l i f i e d  

p r i o r  t o  incorporat ion i n  the  payload design. The environmental 

levels were e s t ab l i shed  using f l i g h t  h i s t o r y  where a v a i l a b l e  and 

dummy t e s t i n g  where the  e f f e c t s  of mechanical i n t e r f a c e s  were 

uncertain.  A b r i e f  desc r ip t ion  of t he  tes ts  performed and the  

t e s t i n g  l eve l s  employed on t y p i c a l  elements i s  given below. 

Component Screening 

Screening tes ts  w e r e  performed on sys t em components such 

a s  r e s i s t o r s ,  capaci tors ,  diodes, t r a n s i s t o r s ,  e t c . ,  before  

incorporation i n t o  modules and assemblies.  Tests such a s  high 

temperature burn-in, over voltage,  shock t e s t s ,  l eak  test ,  

e t c . ,  were performed t o  weed out marginal components, thus i m -  

proving r e l i a b i l i t y .  

Qua l i f i ca t ion  Test ing 

Environmental t es t s  w e r e  performed on modules, subassem- 

b l i e s ,  and components whose designs had not  previously been 

q u a l i f i e d  t o  the  required levels.  

es tab l i shed  a s  about 1 .5  t i m e s  t h e  expected f l i g h t  levels.  A 

summary of the  q u a l i f i c a t i o n  environment i s  given below. 

Qua l i f i ca t ion  levels were 

Temperature. - 
Vacuum. - 
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0 t o  100 km a l t i t u d e  



Vibration, Sine. - 1 sweep - 3 axes - 2.9 octaves 

per  minute ’ 

20-90 cps .050 inch D.A. (44 sec) 

90-2000 CPS 20 g P ( 9 1  sec) 

Shock, Longitudinal . - 90 g 11 m s e c  3 shocks 

Shock, Transverse. - 45 g 11 m s e c  2 shocks each - 
st2 artes 

Acceleration, Longitudinal. - + 50 g -30 g 

Acceleration, Transverse. - f 10 g 2 axes 

Assurance Testing 

Environmental t e s t s  w e r e  performed on a l l  modules, sub- 

assemblies, and components scheduled fo r  use on the  f l i g h t  pay- 

loads including spares. Assurance levels w e r e  set approximately 

10% higher than the  an t i c ipa t ed  f l i g h t  levels. 

resonances w e r e  known, the  levels w e r e  increased t o  simulate 

If s p e c i f i c  

these expected environments. A summary of the  nominal assur-  

ance test levels i s  given below: 

Temperature. - 130°F 

Vacuum. - 0-100 lan a l t i t u d e  

Vibration, Sine. - 1 sweep - 3 axes 5.8 octaves 

per  minute 

20-70 cps .030 inch D.A. 

(18 seconds) 

70-2000 CPS 7.5 g P. 

(50 seconds) 

Shock, Longitudinal. - 65 g 11 msec 1 shock 
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Acceleration, Longitudinal. - $35 g -15 g 

Additional L .  v i b r a t i o n  t e s t i n g  was performed on a mechanically 

; equivalent s t r u c t u r e  t o  determine resonances. A severe resonance 

i n  the area of the  de t ec to r  was discovered and reduced using 

s u i t a b l e  ,pre-loading and damping ma te r i a l s .  A spare  de tec tor  

assembly was v i b r a t i o n  t e s t e d  i n  t h e  mechanically equivalent  

assembly t o  ve r i fy  i t s  a b i l i t y  t o  survive t h e  remaining 

resonance condi t ions.  

F l i g h t  Acceptance Test ing 

The completed payloads were subjected t o  the  F l i g h t  

. Acceptance Tests .  The environmental levels w e r e  those a n t i c i -  

pa tedf r in  f l i g h t  and +re summarized below. 

1 Temperature. - I n t e r n a l  s t r u c t u r e  r a i s e d  to  100°F 

Vgcuum. - 0-100 km a l t i t u d e  

Vibration, Sine. - 1 sweep - longi tudina l  a x i s  

5.8 octaves pe r  minute 

70-2000 cps 5 g P. 50 sec 

Vibration, Ramdon. - 3 axes 60 seconds each 

20-2000 cps 3.5 g rms f l a t  spectrum 

Shock, Longitudinal. - +60 g 11 msec 1 shock 

Throughout these  tests the  operat ion of t he  payloads was 

monitored f o r  f a i l u r e  o r  s e n s i t i v i t y  s h i f t s .  One f a i l u r e  oc- 

curred during f l i g h t  acceptance t e s t i n g .  This was a high vol tage  

breakdown of a dc-dc converter  under vacuum condi t ions.  The 

fa - i lu re  wa,s, a t t r i b u t e d  t o  f a u l t y  i n s u l a t i o n  on a high vol tage 

feedthrough. The converter  was replaced wi th  a spare u n i t  and 

64 



the  payload successful ly  passed a repeat vacuum test and a l l  

remaining tests .  Some s e n s i t i v i t y  sMfts w e r e  noted during the 

tests,  but none w e r e  severe.  . 
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SYSTEM CALIBRATION 

Final  c a l i b r a t i o n  of the two payloads was done i n  the 

60-foot diameter a l t i t u d e  sphere a t  NASA-Langley Research 

Center. The following discussion p e r t a i n s  to  payload LRC-1. 

This i s  the payload t h a t  w a s  subsequently f l i g h t  t e s t e d  with 

the second, LRC-2, a s  a backup. The payload was suspended nose 

down i n  the center  of the  a l t i t u d e  sphere. The umbil icals  were 

l e f t  a t tached t o  provide a means of switching the  payloads from 

externa l  t o  i n t e r n a l  power and back. The t e s t  source was i n -  

s t a l l e d  and the  chamber was s lowly  evacuated. A t  several  po in t s  

during evacuation, the  payload was switched t o  i n t e r n a l  power 

and a telemeter record taken. The pressure and temperature i n -  

s ide the  chambers w e r e  noted f o r  each of the  data  poin ts .  This 

record was subsequently reduced t o  provide the  Scale f a c t o r  of 

count r a t e  versus  densi ty .  A check of the sensor c a l i b r a t i o n  

was taken before and a f t e r  the  chamber run with the  small Cal i -  

b ra t ion  source i n  the c a l i b r a t i o n  pos i t ion .  Also, a measure of 

the background l e v e l  with no sources w a s  taken before  and a f t e r  

the chamber run. 

The chamber c a l i b r a t i o n  data  i s  i l l u s t r a t e d  i n  f igu re  24 

showing the count rate within the  discr iminator  window divided 

by 16  a s  a funct ion of chamber a i r  densi ty .  Also shown i s  the 

background l e v e l  measured before  the  source was i n s t a l l e d .  The 

s lopes  of the  l i n e s ,  kl and k2, obtained 

pps-m /kgm with the  sh i e ld  ope0 and 30.0 

sh i e ld  closed. 
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This ca l ib ra t ion  constant agrees  favorably with the  mathe- 
3 matical  model, i . e . ,  90.2 pps/kgm/m + 0 . 2 8 4  c u r i e s  = 318 

pu 1 se s - s ec - kgm-l -m3 -curie" versus 304 pul  s e s - sec - - kgm 
-cur ie  . 

-1 3 -m 
-1 



FLIGHT TEST 

Fl igh t  t e s t  of payload LRC-1 was conducted on 20 January 

1966 from Wallops Is land,  Virginia.  Figure 25 i s  a photograph 

of t h e  assembled veh ic l e  on the launcher ready f o r  f l i g h t .  

Vehicle Performance 

Launch occurred a t  14:Ol:OO GMT a f t e r  a smooth countdown. 

Second s tage i g n i t i o n  occurred 20.6 seconds l a t e r .  Both f i r s t  

and second s tage boost acce lera t ion  p r o f i l e s  appeared normal. 

The modulating s h i e l d  w a s  held open by t h e  boost acce lera t ions ,  

a s  expected. The apogee reached w a s  130.6 h. Impact occurred 

348 seconds a f t e r  launch a t  73.82O longitude, 37.28O l a t i t u d e .  

This was e i g h t  nau t i ca l  miles from the  predic ted  impact, w e l l  

wi th in  the d ispers ion  c i r c l e .  

1,000 fathoms. 

The w a t e r  depth a t  impact w a s  

Sensor Performance 

A l l  elements of the sensor performed properly throughout 

t he  f l i g h t .  A l l  pulse  channels showed smooth changes with densi ty  

throughout the  f l i g h t .  The accelerometer, temperature, and s h i e l d  

p o s i t i o n  ind ica to r  channels operated properly.  The sensor in -  

t e r n a l  temperature increased from 7.5OC a t  launch t o  1 6 O C  a t  

impact, showing the  expected minimal aerodynamic heat ing.  

Supporting T e s t s  

Several support measurements of the  densi ty  p r o f i l e  w e r e  

conducted before  and a f t e r  the sensor f l i g h t  t o  provide densi ty  

c o r r e l a t i o n .  The performance of these f l i g h t s  i s  summarized 

below. 
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Vehicle Time (GMT) Data Range ( a l t i t u d e )  

Radiosonde Balloon 11: 15 : 00 0-31.8 km 

Radiosonde Baloon 18: 00 :00 0-29.3 km 

Arcas Robin N o  data  

Arcasonde 15: 43: 00 20-46 km 

Fl ight  T e s t  Data 

The sensor pulse  data  i s  i l l u s t r a t e d  i n  f igu re  26, showing 

the  pulse  rate a s  a funct ion of time with the  sh i e ld  open and 

closed.  

densi ty  i s  high. These pulse rates decrease a s  the  densi ty  de- 

creases u n t i l  they reach the  background level. A t  l o w  a l t i t u d e s  

where there  i s  s ign i f i can t  a i r  s c a t t e r ,  t he  sh i e ld  closed pulse  

r a t e  i s  lower than the  sh ie ld  open pulse  r a t e ,  as expected. A t  

h igh a l t i t u d e ,  where the  s ignal  i s  predominantly background, the  

A t  l o w  a l t i t u d e s  the pulse  rates are high s ince  the  

sh i e ld  closed pulse  rate i s  higher than the  s h i e l d  open pulse  

r a t e .  This unique behavior w i l l  be discussed i n  a l a t e r  sect ion.  

The a l t i t u d e  versus  t i m e  p r o f i l e  i s  i l l u s t r a t e d  i n  f igu re  27. 

The radiosonde and arcasonde data  are shown p l o t t e d  i n  

f i g u r e  28, along with the  1962 IACO Standard Atmosphere. The 

densi ty  p r o f i l e  i s  seen t o  be s l i g h t l y  lower than the  1962 IACO 

Standard Atmosphere. 

Source Handling 

The rad ioac t ive  source used i n  t h i s  densi ty  measurement ex- 

periment w a s  -30 c u r i e s  of Cerium-144. This  source i s  of such a 

level a s  t o  requi re  care i n  i t s  handling and s torage.  Personnel 

a t  Giannini Controls Corporation w e r e  l i censed  by the  U.S. Atomic 
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Energy C m i s s i o n  t o  possess  and bear the  r e spons ib i l i t y  f o r  i t s  

proper and sa fe  use.  Procedures f o r  s a fe  handling and s torage 

w e r e  es tab l i shed  by Giannini Controls Corporation and approved 

by the AEC. 

Wallops I s l and  range safe ty  off ice ,  a l s o  l icensed  t o  s t o r e  the  

source, t o  minimize the p o s s i b i l i t y  of any dangerous inc ident .  

A b r i e f  summary of t h e  major procedures followed i s  given below. 

Additional precaut ions w e r e  exercised by the  

The Cerium-144 was doubly encapsulated i n  welded s t a i n l e s s  

s teel  capsules  and leak t e s t ed  b y  Oak Ridge National Laborator ies .  

This source was mounted in the nose p iece  and shipped t o  Wallops 

S ta t ion  i n  an approved shipping container  f o r  s torage i n  a remote 

bunker. 

On the  launch date, the source i n  i t s  sh ie ld ing  container  

w a s  trucked t o  the launch s i t e .  A f t e r  a l l  prel iminary checks of 

the payload w e r e  complete, the launch area w a s  c leared  t o  a d i s -  

tance of 100 f e e t ,  

i n s t a l l a t i o n  i l l u s t r a t e d  i n  f igure  29. 

unlocked and opened the  shielded container  and removed the  source 

and nose t i p  with a p a i r  of 6-foot tongs.  

gripped the  nose t i p  with a special ly  designed 8-foot  long p a i r  

of tongs and c a r r i e d  i t  a few s t e p s  t o  t h e  nose of t he  vehicle. 

The Nike-Apache w a s  mounted on t h e  launcher i n  a ho r i zon ta l  posi-  

t i o n  6 feet above the  ground. 

s tepladder  and lowered the  source and handling t o o l  i n t o  a 

V-shaped loca t ing  box propped a t  t he  nose of t he  vehic le .  This 

box contained a l ead  l i n e r  providing some add i t iona l  shielding.  

Two radioisotope technicians performed the  

The f i r s t  technician 

The second technician 

The second technician mounted a 
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Figure 29 - Photograph Illustrating Source Installation 
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The source and nose piece were then i n s e r t e d  i n  the  nose and 

screwed t i g h t .  

technicians l e f t  the  area.  Pocket dosimeters and f i l m  badges 

The handling t o o l  w a s  re leased and the two 

monitored the  dose received during the  operat ions.  

The launcher w a s  then elevated remotely and the countdown 

proceeded t o  launch. The vehicle  with source i n t a c t  impacted 

a t  t h e  desired range previously determined t o  have s u f f i c i e n t  

water  depth t o  prevent accidental  recovery and where the  cu r ren t s  

a r e  such a s  t o  preclude the  p o s s i b i l i t y  of t he  source washing 

ashore.  

I n  case of booster  malfunction causing the  payload t o  i m -  

pac t  i n  the launch area or  i n  shallow water, several recovery 

teams w e r e  ava i lab le .  Skin divers equipped with spec ia l  sonar 

equipment and water - res i s tan t  geiger  counters  w e r e  loca ted  i n  

recovery vesse ls .  

Two he l i cop te r s  w e r e  ava i lab le  t o  l o c a t e  and guard the  area of 

a poss ib le  land impact u n t i l  the  source could be recovered. 

None of these recovery operat ions was needed s ince  the  Nike-Apache 

Several  proven recovery methods w e r e  possible .  

boost s y s t e m  operated sa ti s f a c t o r i l y  . 
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FLIGHT TEST DATA ANALYSIS 

This sect ion descr ibes  the  data  a n a l y s i s  techniques used 

t o  obtain t h e  measured densi ty  p r o f i l e  facompar ison  with the  

standard atmosphere p r o f i l e  and the  measurements made by the  

radiosondes and arcasonde. Curve f i t t i n g  techniques a r e  d i s -  

cussed showing enhancement of the  data  a t  high a l t i t u d e s .  

Description of the Data 

A l i s t i n g  of t he  pulse  data  versus  t i m e  and a l t i t u d e  i s  

given i n  appendix B.  

the  summation of pu lses  received during each sh ie ld  ha l f -cyc le .  

The t i m e  given i s  t h e  t i m e  a t  t he  end of each counting per iod,  

The a l t i t u d e  given i s  t h e  vehicle a l t i t u d e  a t  the  cen te r  of each 

The pulse  count i s  t h a t  corresponding t o  

counting period, one-half second e a r l i e r  than the  t i m e  shown. 

For each data point ,  t he  upper level pu l ses  a r e  subt rac ted  from 

the  lower l eve l  pulses  from each de tec to r .  These a r e  then summed 

giving t h e  t o t a l  counts from the  two de tec to r s  where amplitude 

i s  between the  lower and upper d iscr imina tor  levels.  

data  i s  re fer red  t o  the  telemeter output  and thus i s  one- 

s ix t een th  the  de tec ted  r a t e s .  

a l t i t u d e  with the  s h i e l d  open and closed i s  shown i n  f igu res  30 

and 31. A t  h igh a l t i t u d e s ,  above 70 km, t he  pulse  data i s  p r i -  

marily background. 

’ All pulse  

This data  of pu lse  r a t e  versus  

It i s  immediately evident t h a t  t h e  background pulse  r a t e s  

a r e  s ign i f i can t ly  higher  than t h e  a n t i c i p a t e d  cosmic background. 

The expected cosmic background r a t e  a f t e r  s ca l ing  by 16  i s  be- 

tween 1.38 and 13.8 pulses  per  second. 
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f l i g h t  data  shows more than 100 pulses  per  second background. 

Measured backgrounds a t  ground l e v e l  without the  source w e r e  

approximately 3 pulses  p e r  second. 

It  i s  seen by comparing f igu res  30 and 31 t h a t  the  back- 

ground i s  lower with the  sh ie ld  open than with the  shieldclosed 

by approximately 15 pulses  per second. This  i nd ica t e s  back- 

ground s e n s i t i v i t y  t o  the  source and sh ie ld .  Appendix A shows 

t h a t  t h i s  high background i s  the  r e s u l t  of mul t ip le  s c a t t e r i n g  

of high energy gammas from the  source down the  vehic le  sk in  t o  

the  de tec tor .  These high energy gammas a r e  pr imari ly  the  

bremsstrahlung rad ia t ion ,  some of  which comes from be ta  i n t e r -  

ac t ion  with the  shield,  thus explaining the higher  background 

wi th  the  sh ie ld  closed than with the  sh i e ld  open. 

The a i r  s ca t t e r ed  count r a t e  i s  determined by subt rac t ing  

the  background l eve l .  

constant  and equal t o  the  average of background po in t s  f r m  70 

t o  90 km a l t i t u d e .  The pulse  r a t e  versus  a l t i t u d e  with back- 

ground subtracted i s  shown p lo t t ed  i n  f igu res  32 and 33. The 

r a t i o  of a i r  s ca t t e r ed  pulse  r a t e  with the  sh i e ld  open t o  t h a t  

with the  sh i e ld  closed i s  seen t o  be 3.0: l .  This r a t i o  i s  lower 

than one might expect considering the a t tenuat ion  p rope r t i e s  of 

the  tungsten sh ie ld  t o  the  134 keV gammas. This r a t i o  i s  j u s t -  

i f i e d ,  however, when the  contr ibut ion of the  high energy gammas 

a r e  considered. (See appendix A) The s t a t i s t i ca l  spread of t h e  

data  po in t s  i s  seen t o  increase a s  the a l t i t u d e  increases  and 

the  a i r  s ca t t e r ed  pulse  r a t e  drops f a r  below the  background level. 

A s  a f i r s t  cut ,  the  background i s  assumed 
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Figure 32 - Pulse Data Less Background Versus Altitude 

Shield Open 
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ALTITUDE KM 

Figure 33 - Pulse Data Less Background Versus 

Altitude, Shield Closed 
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The t h e o r e t i c a l  k2 sigma s t a t i s t i c a l  l i m i t s  a r e  shown on a few 

data  points .  

Density versus  Al t i t ude  

The pulse data  versus a l t i t u d e  i s  r e p l o t t e d  i n  f i g u r e  34 

with backgrounds subtracted and the s h i e l d  closed da ta  po in t s  

mul t ip l i ed  by 3 . 0  t o  match the  s h i e l d  open c a l i b r a t i o n .  

pulse  r a t e s  are mul t ip l i ed  by the  c a l i b r a t i o n  f a c t o r  ( see  page 

66) t o  provide the measured densi ty .  The densi ty  p r o f i l e  es tab-  

l i s h e d  by the radiosonde and Arcasonde data  i s  shown a s  a s o l i d  

l i n e  and t h e  1962 I A C O  Standard Atmosphere p r o f i l e  shown a s  a 

dashed l i n e  a t  the higher  a l t i t u d e s .  The agreement i s  exce l l en t .  

The 

Data Enhancement 

Several techniques of curve f i t t i n g  have been considered 

i n  order  t o  smooth the  data  po in t s  and improve accuracy a t  high 

a 1  t i  tudes.  

One method i s  described below which f i t s  an exponential  

curve t o  groups of 10 consecutive data  po in t s  using t h e  "Method 

of Least  Squares". The da ta  of f i g u r e  34 i s  used f o r  t h i s  

ana lys i s .  

Over s m a l l  a l t i t u d e  increments, t he  a i r  densi ty  p r o f i l e  

may be described mathematically a s  follows: 

i s  t h e  densi ty  a t  
'i 

where p 0  i s  the  densi ty  a t  a l t i t u d e  ho, 

a l t i t u d e  hi, and 

value a t  a l t i t u d e  hi and l e t  vi be t h e  r e s idua l  d i f fe rence  

between the a c t u a l  data  po in t  and estimated poin t .  

a4  

i s  a constant .  L e t  p f  be the  data  po in t  
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I 

v = p i  - P i  i 

The method of l e a s t  squares w i l l  be used t o  f i n d  a va lue  of p, 

and @ such t h a t  t he  sum of t h e  squares of t he  r e s i d u a l s  i s  min- 

imum. I n  order t o  l i n e a r i z e  t h e  expression, equat ions 19 and 

20 a r e  modified t o  

and 

The va lue  o f  lnp,  and B a r e  determined by so lu t ion  of the  f o l -  

lowing normal equations: 

n avi 
; = = O  

bVi n 
c v i d B = 0  1 

Taking the indica ted  p a r t i a l s  and s u b s t i t u t i n g  g ives  the  f o l -  

lowing : 
n n n r ~~ 

lnpo C 1 - p C (hi-h,) = C lnpi 
1 1 1 

n n n I 

l npo  C (hi - ho> - p C (hi - ho)’ = C (hi - ho) lnpi (24b) 
1 1 1 

The va lue  o f  P, a t  the  h ighes t  a l t i t u d e  of each 10 data  poin t  

segments was determined, giving t h e  da ta  p o i n t s  of f i g u r e  35. 

Several o ther  curve f i t t i n g  techniques have been considered 

s u i t a b l e  for  machine ana lys i s  and are discussed i n  the  next 

sec t ion .  
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Figure 35 - Density Versus Alt i tude,  

10 Point  Curve F i t  
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Background 

The bas ic  reason f o r  including t h e  modulating s h i e l d  i n  t h e  

s y s t e m  was t o  provide a background measurement. 

the  a t t enua t ion  provided by the  s h i e l d  was low so  t h a t  except a t  

very  high a l t i t u d e s  the  background i s  buried i n  the  a i r  s c a t t e r  

s igna l .  Also, the  change i n  background level wi th  t h e  s h i e l d  

pos i t i on  adds uncer ta in ty  t o  the  background measurement. It  i s  

f e l t  t h a t  t h e  background i s  coming from t h e  source v i a  mul t ip l e  

s c a t t e r i n g  through t h e  sk in  and t h e  value a t  high a l t i t u d e  i s  

ind ica t ive  of what would be measured a t  lower a l t i t u d e s .  Search- 

ing f o r  va r i a t ions  i n  the  cosmic po r t ion  of t h e  background does 

not  promise much f r u i t f u l  information. Appendix A d i scusses  i n  

d e t a i l  the  background element c rea t ed  by the  source. 

Unfortunately, 

It  i s  i n t e r e s t i n g  t o  note  t h a t  t he  background levels meas- 

ured on the 1 7  December 1964 f l i g h t  and the  20 January 1966 

f l i g h t  a r e  d i f f e r e n t  by t h e  r a t i o  of source s t rengths .  

f u r t h e r  subs t an t i a t e s  t he  conclusion t h a t  the  high background 

level i s  corning from the  source. 

This 
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ERROR ANALYSIS 

This e r r o r  ana lys i s  appl ies  t o  the  20 January 1966 f l i g h t  

tes t  data  obtained with payload LRC-1. Table I summarizes the  

sources of e r r o r  and t h e i r  e f f e c t  on sys tem performance. 

Cal ibrat ion Errors  

The c a l i b r a t i o n  data  may be represented by the  following 

equation: 

where I d  i s  the  count rate detected a t  each c a l i b r a t i o n  point ,  

k i s  the  constant  of proport ional i ty ,  P i s  the  a i r  densi ty  i n  

the  chamber, Iw i s  the  s c a t t e r  from the  chamber wal ls ,  and I b  

i s  t h e  background r ad ia t ion  level. Density i s  determined by 

pressure and temperature measurements as :  
T 

P ls P = P s p T  

where Ts i s  standard temperature, Ps i s  standard pressure,  and 

p S  i s  standard densi ty .  

The f l i g h t  ca l ib ra t ion ,  K, i s  the  product of the  chamber 

propor t iona l i ty  constant ,  k; the  r a t i o  of t he  f l i g h t  source 

s t rength,  Iof, t o  t h e  test source s t rength,  Io,, used i n  the  

chamber; and t h e  s t a b i l i t y  of t h e  sensor sd '  
-r 

of K = k -  
I 

'd I o t  
Combining equations (25), 26), and (27) and solving f o r  K gives:  
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TABLE I 

ERROR SUMMARY AT 20 km ALTITUDE 

Error  Source 

Cal ibrat ion 

T e s t  Source Strength 

F l i g h t  

Sensor 

Source Strength 

S t a b i l i t y  

Chamber P re s sur  e 

Chamber Temperature 

S t a t i s t i c a l  Variation, 
Maximum Density 

S t a t i  s t i ca 1 Va r i a  t i  on, 
Minimum Density 

To ta l  Cal ibrat ion Error  

90 

- A1ot 
I o  t 

A1of 
Io f  

AS 
S 
- 

AP 
P 
- 

' Id 

AK 
K 
- 

Error 
fagnitude 

k0.025 

*O e 025 

k0.064 

k0. 01 

*o. 01 

*O. 0047 

k0.0031 

RSS 
Total  

0.075 



TABLE I. - Continued 

ERROR SUMMARY AT 20 km ALTITUDE 

*O . 0008 

Error  Source 

Velocity Error  

F l i g h t  T e s t  

- 

Shock Wave Effec ts  

S t a b i l i t y  Through F l igh t  

i ANd 
S t a t i s t i c a l  Fluctuation* f 

( Id'Ib) 

Background3c 

Shield Modulator Timing* 

Ablation Effec t  

Pul se R e  solution* 

Error  
Magnitude 

k0.004 

*o. 01 

*O. 0095 

*O . 0006. 

RSS 
Total 

TOTAL DENSITY MEASUREMENT ERROR 

I 

*O. 082 

* Alt i tude  dependent e r r o r s  
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Taking the  logarithm of equation 28 gives  

I n  K = I n  pS - Inps-ln T, + In  Io t - ln  Iof + In  sd 

Taking the  de r iva t ive  0 2  equation (29) gives 

dlo t dlof + - - - + -  dSd dp dT 
T 

dK dp S dp S dT S + - - -  
P 

- = - - - - -  
K P S  p S  T3 I o t  I o f  'd 

Subs t i tu t ing  small changes f o r  t he  d i f f e r e n t i a l  values  of the  

e r r o r  sources and zero f o r  the cons tan ts  g ives  

(IW+'b> 
- (31)  I -I - I  

AK 'Io t 'Iof "d AP 'Id = p: - ,I, + - - - +  
d w b  -I - o t  of 'd I d  w 'b 

The source s t rengths  a r e  each known t o  be wi th in  k5% two 

s i m a  of the s t a t e d  value from manufacturer ' s  da ta .  The one sigma - 
*Iof a r e  thus k0.025. 'Io t 

z, t and value of - 
The sensor s t a b i l i t y ,  - was estimated from measurements 

'd' 
of count r a t e  s h i f t s  during sys t em F l i g h t  Acceptance Test ing.  

The maximum s h i f t  of the  poorest  channel was considered a two 

sigma deviat ion from the  nominal. For example, i f  one channel 

d r i f t e d  a maximum of +4% through a long i tud ina l  v i b r a t i o n  run, the  

two sigma e r r o r  band f o r  t h a t  p a r t i c u l a r  environment was con- 

s idered  k4%. Each e r r o r  band f o r  a l l  environmental t es t s  was 

then summed on an RSS bas i s .  

by comparing temperature ground tes t  data  and the  measured f l i g h t  

temperatures, and us ing  the  maximum d r i f t  from the  s t a r t  of t h e  

The temperature band was e s t ab l i shed  
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temperature tes t  t o  t h e  maximum f l i g h t  temperature. 
*'d 

d 
The r e s u l t a n t  s t a b i l i t y  estimate s i s  *0.064. 

The chamber pressure and temperature measurements a r e  known 
AP AT t o  b e t t e r  than one percent ;  - = 0.01 and T = 0.01. P 

The s t a t i s t i c a l  e r r o r  associated with t h e  data  poin t  fs 

equal t o  t h e d F d  where Nd i s  t h e  number of counts detected.  

the  maximum density the  detected count r a t e ,  Id,  was 145 x 16 

= 2320 pulses  per  second. Each data  point  was the  average of 

30 one-second i n t e r v a l s  o r  2320 x 30 = 69,600 pulses.  The error, 

Aid, i s  thus d-- = 8.75 pulses p e r  second. The value of wal l  

s c a t t e r  p lus  background, Iw + Ib, was determined by measurement 

with t h e  chamber nearly evacuated, giving I 

= 448 pulses  per  second. 

A t  

-- 

69,600 

+ Ib = 28 x 16 
W 

The f r a c t i o n a l  error 

The wall  s c a t t e r  and background, Iw + Ib ,  was a l s o  obtained 

from t h e  average of 30 one-seconddatapoints  or  448 x 30 

= 13,440 pulses.  + Ib)  is 

thus d-- = 3.9 pulses  p e r  second. The f r a c t i o n a l  e r r o r  i s  

The e r r o r  i n  t h i s  measurement, A ( 1  
W 

-13440 

To obtain the t o t a l  ca l ib ra t ion  error, these individual  

e r r o r s  a r e  summed on an RSS basis ,  giving the  t o t a l  c a l i b r a t i o n  

e r r o r  -K - - 0.075 o r  *7.5% 

F l i g h t  Environment 

The f l i g h t  data may be represented by the  following equation: 
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where Nd i s  t he  de tec ted  count i n  t h e  t i m e  i n t e r v a l  7 a s  a 

funct ion of densi ty ,  P, and background, I b '  Ss  and sd a r e  

s t a b i l i t y  f a c t o r s  assoc ia ted  with t h e  shock l a y e r  and sensor 

d r i f t .  K i s  the c a l i b r a t i o n  cons tan t .  Density i s  determined 

from 

Taking the  logarithm of equation 33 g ives  

The de r iva t ive  of 34 i s  

Nd dT 
2 - dlb 

( > - I d  =7-  dNd 
T 

Subs t i t u t ing  small changes f o r  the  d i f f e r e n t i a l  va lues  

gives  

The e f f e c t  of shock l a y e r  on sensor accuracy has  been 

previously discussed. 

r e s u l t e d  i n  an e r ro r ,  7 of 0.004.  

The graphica l  a n a l y s i s  shown i n  f i g u r e  22 

S 

The s t a b i l i t y  through the  f l ight , -  
'dY 

i s  determined by com- 

parison of ascent  data with descent data  showing a d r i f t  of 

*0.01. 
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The source s t a t i s t i c a l  f l u c t u a t i o n  causes uncertainty i n  

the pulse  c o u n t .  .'Nd. T h i s  uncertainty i s  equal t o  the square 

root  of the nuniber of p u l s e s  detected: 

d N d  x 16  
ANd = '16 

A t  20 km a l t i t u d e ,  where Nd = 1010 pulses,  I d  = 1010 pulses  per 

second, and Ib = 110 pulses  per second 

The background count r a t e  I b  was determined by averaging 24 

one-second background measurements taking from 70 t O  90 km a l t i -  

tude. 

roo t  of t he  t o t a l  number of pulses detected.  

The e r r o r  i n  t h i s  measurement, A I b ,  i s  equal t o  the  square 

A I b  - - q l l o l ~  162i 24 = 0.53 pulse  per  second X 

A t  20 km a l t i t u d e  the  e r r o r  caused by uncertainty of the  back- 

ground est imate  i s  

- loi~5~10 - = 0.0006 "b - 
Id-Ib 

The s t a b i l i t y  of t he  sh ie ld  modulator timing was es tab l i shed  

by comparing the  t i m e  cycles  during the sphere c a l i b r a t i o n  with 

t h e  source modulator cycles during. t h e  ascent  and descent 

por t ions  of t h e  f l i g h t .  

second. 

and descent was lt.005 second. 

The maximum timing v a r i a t i o n  was k.015 

The d i f fe rence  i n  sh ie ld  movement delay during ascent  

The t o t a l  e r r o r  i n  timing i s  thus 
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A t  20 km t h i s  r e s u l t s  i n  a densi ty  e r r o r  of 

The t e f l i n  ab la t ing  coat  on the  nose cone i s  0 . 3  cm th ick .  

The two-way a t tenuat ion  of 134 keV gammas by t h i s  coa t  i s  ap- 

proximately 8%. 

of t h i s  layer  i s  considered &4%. 

The two  sigma e r r o r  introduced by t o t a l  ab la t ion  

The r e s u l t i n g  one-sigma sensor 

d r i f t  i s  thus 

"d 
-% = 0*02 

The data reduction counters  resolve one output pulse .  The 

A t  high a l t i t u d e s  e r r o r  i n  any s ingle  count may be k0.5 pulse .  

where there  a r e  few t o t a l  pulses ,  t h i s  e r r o r  becomes s i g n i f i c a n t .  

A t  20 km a l t i t u d e  t h i s  pulse  reso lu t ion  e r r o r  i s  

The ve loc i ty  e r r o r  i s  caused by assuming a l i n e a r  densi ty  

change over the a l t i t u d e  range t rave led  during one-second 

sampling period. The maximum v e r t i c a l  travel i n  one-second time 

w a s  1500 meters. The maximum deviat ion of densi ty  from l i n e a r  

over a 1500 m e t e r  range i s  0.8%. 

one-second i n t e r v a l  i s  thus no more than 0.8% i n  e r r o r  from the  

ac tua l  densi ty  a t  a time ha l f  way through the  one-second i n t e r v a l .  

The average densi ty  over a 

Total  Error  

These e r r o r s  a r e  a l l  summed on an RSS bas i s  i n  t ab le  I, giv-  

i ng  a t o t a l  one-sigma sys t em e r r o r  a t  20 km a l t i t u d e  of *8.2%. 
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The a l t i tude  dependent errors are summed and platted versus a l t i -  

tude in figure 36. 

shown e 

The 10 point curve f i t  improves accuracy a s  
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FURTHER DATA ANALYSIS RECOMMENDATIONS 

, -  

The data ana lys i s  techniques used i n  the  previous sec t ion  

w e r e  of a'minimal na ture  amenable t o  hand ana lys i s .  The use of 

involved computer programs was beyond the  scope of t h i s  e f f o r t .  

Some thought was,.given t o  possible  ana lys i s  methods. The tech- 

niques considered w e r e  t o  f i t  the  data  po in t s  wi th  a n a l y t i c a l  

expressions solving f o r  the  unknown parameters of densi ty  and 

background. 

method, The number of data  points  can be small t o  provide good 

densi ty  reso lu t ion  with a l t i t u t d e  bu t  then the  smoothing ac t ion  

of many poin ts  i s  diminished. 

a s  t o  t h e i r  accuracy, bu t  t h i s  may tend t o  mere ly  ex t rapola te  

the  curve from a ' few accurate  data  poin ts  and not  use data i n  

the  a c t u a l  region of i n t e r e s t .  

a r e  of the  same relative magnitude, curve f i t t i n g  proves very  

usefu l  i n  separat ing the  two. 

pared t o  the s ignal ,  accurate  background information i s  obtained, 

but densi ty  data  i s  of poor accuracy. A t  low a l t i t u d e s ,  where 

a i r  s c a t t e r  count r a t e s  are high compared t o  the  background, 

accurate  densi ty  data  i s  obtained but  the  background data  ex- 

t r a c t e d  i s  of poor accuracy. The usefulness  of curve f i t t i n g  

has been demonstrated by improving the  accuracy of t he  densi ty  

measurement using the  10 point  curve f i t  method descr ibed 

e a r l i e r .  

There i s  considerable freedom i n  se l ec t ing  the  b e s t  

The data  poin ts  may be weighted 

Where t h e  background and s igna l s  

When the  background i s  high corn- 
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CONCLUSIONS, RECOMMENDATIONS, AND APPLICATIONS 

This program and the  previous program, NASI-2306, have 

proven the f e a s i b i l i t y  of measuring f r e e  a i r  densi ty  a t  high 

a l t i t u d e s  from vehic les  t r ave l ing  a t  high ve loc i ty  using gamma 

backscat ter  p r inc ip l e s .  The objec t ive  of t h i s  program, t o  ex- 

tend the  a l t i t u d e  range t o  91.5 kilometers,  was not  achieved due 

t o  high l eve l s  of background. 

background level i s  not  of cosmic o r i g i n  but  a d i r e c t  r e s u l t  of 

the  source c h a r a c t e r i s t i c s ,  i . e . ,  mul t ip le  s c a t t e r i n g  of high 

energy rad ia t ion  from the  source, both gamma-rays and X-rays 

produced from the  bremsstrahlung i n t e r a c t i o n s  of the emit ted 

betas ,  through the  vehic le  skin to  the de tec tor .  The increased 

source s t rength increased t h i s  background proport ionately over 

the  previous t e s t s .  Postponements of the  f l i g h t  t e s t  da te  caused 

a s ign i f i can t  decay of the  s t rength  of the  f l i g h t  source which 

somewhat reduced the a l t i t u d e  capab i l i t y .  

I t  i s  concluded t h a t  the high 

Very good measurement co r re l a t ion  was obtained between the  

gamma-ray backscat ter  measurement, arcasonde measurement, and 

radiosonde measurements of a i r  densi ty  i n  the region of overlap.  

Although p re f l igh t  t e s t s  ind ica ted  an accuracy capab i l i t y  of 

&7.5%, much b e t t e r  co r re l a t ion  with these o the r  measurements was 

found. Good co r re l a t ion  was a l s o  found between the  c a l i b r a t i o n  

data  and the estimated c a l i b r a t i o n  constant  obtained with the  

mathematical model. 

the  a b i l i t y  t o  design measurement sys tems having the  des i red  

c h a r a c t e r i s t i c s .  
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The measurement system ruggedness was demonstrated by hav- 

ing  performed properly i n  the f l i g h t  acceptance tests and the  

f l i g h t  environment of the  Nike-Apache boost  system. This speaks 

p a r t i c u l a r l y  w e l l  of normally f r a g i l e  elements such a s  the  

sodium iodide c r y s t a l  and the  photomult ipl ier  tube. 

With the  b e t t e r  understanding of the  cause of the l imi t ing  

background, i t  i s  recommended t h a t  an add i t iona l  f l i g h t  be per-  

formed using an isotope source t h a t  does not  contain t h e  high 

energy f lux.  Such sources a r e  Gd-153 and Se-75. Use of such a 

source and the  source modulating sys tem w i l l  e s t a b l i s h  the  cosmic 

and s o l a r  contr ibut ion t o  the  background and e s t a b l i s h  the  a l t i -  

tude capab i l i t y  of the  f l i g h t  configurat ion as  a funct ion of 

source s t rength  and measurement geometry. 

Application of t h i s  measurement technique can then be ex- 

tended t o  c r i t i c a l  requirements such a s  determining the  densi ty  

p r o f i l e  of planetary atmosphere. O f  p a r t i c u l a r  i n t e r e s t  i s  the  

atmosphere of Mars. The X-ray  o r  gamma backscat ter  approach i s  

r e l i a b l e ,  proven, unaffected by unknawn aerodynamic environ- 

ments,  unaffected by high ve loc i t i e s ,  and provides a minimum of 

veh ic l e  cons t r a in t s .  

G I A N N I N I  CONTROLS CORPORATION 

Duarte, Cal i fornia  

13 September 1966 
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APPENDIX A 

INVESTIGATION OF THE EFFECTS OF THE HIGH ENERGY GAMMA 

AND BETA COMPONENT ON SENSOR PERFORMANCE 

Purpose 

The purpose of t h i s  i n v e s t i g a t i o n  i s  t o  determine the  e f f e c t s  

of t h e  Cerium-144 high energy gamma and be ta  component on the  

sensor source modulator open/closed r a t i o  and background level. 

F l i g h t  data  has  shown a lower than expected s h i e l d  open/closed 

r a t i o  and a higher  than expected background level.  It i s  sus- 

pected t h a t  t he  backscat tered high energy gammas con t r ibu te  s ig -  

n i f i c a n t l y  to  the t o t a l  a i r  s c a t t e r  f lux  and a r e  not s u f f i c i e n t l y  

a t tenuated  by the  source modulating sh ie ld .  It  i s  a l s o  suspected 

t h a t  mul t ip le  s c a t t e r i n g  i n  t h e  veh ic l e  sk in  of t he  high energy 

gamma component con t r ibu te s  s i g n i f i c a n t l y  t o  the  background level.  

Scope 

Theoret ical  es t imates  of t h e  importance of t he  high energy 

gamma and beta f l u x  r e l a t i v e  t o  t h e  134 keV gamma f l u x  on source 

modulator e f fec t iveness  a r e  made. Experimental measurements of 

t h e  source output and modulator e f f ec t iveness  a r e  provided a s  

backup t o  the t h e o r e t i c a l  es t imates .  Theoret ical  estimates of 

the  source contr ibuted background f l u x  a r e  ca lcu la ted .  Experi- 

mental v e r i f i c a t i o n  of t he  be ta  bremsstrahlung e f f e c t s  a r e  shown. 

N o  p r a c t i c a l  method of experimentally measuring the  source con- 

t r i b u t e d  background f l u x  using laboratory f a c i l i t i e s  has  y e t  been 

devised. 
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Figure 37 - Beta Bremsstrahlung Spectrum 
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Source Spectrum 

The t h e o r e t i c a l  output r a d i a t i o n  from the  Ce-144/Pr-144 

source i s  given below with t h e  energy and number pe r  100 d i s i n -  

t eg ra t ions .  

Number/100 
Energy ( MeV) Dis in t eg ra t ions  

( 2.185 
( 1.480 
( -695 

.134 gammas 7 
( .OB0 
( .036 

3.150 
( 2.450 

.goo  
betas f .320 

3 
1 . 2  
3 

30 
10 
30 

95 
3 
2 

60 
5 

30 

The be ta  p a r t i c l e s  i n t e r a c t i n g  with t h e  C e r i u m  Oxide, t he  steel  

capsules, and the  tungsten sh ie ld ing  generate  bremsstrahlung 

photons. The s i g n i f i c a n t  be ta  i s  the  3.15 MeV, 95% abundant one. 

The o the r s  a r e  low i n  energy and abundance by comparison and so 

w i l l  be neglected.  

The beta spectrum from the  Ce-144 i s  no t  a l l  concentrated 

a t  3.15 MeV, bu t  follows a broad spectrum from 0 t o  3.15 MeV, 

wi th  an average energy of about 0.4 of the  maximum energy. 

Figure 37 i l l u s t r a t e s  t h i s  be ta  spectrum. The gamma spectrum 

r e s u l t i n g  from be ta  i n t e r a c t i o n  wi th  an absorbing m a t e r i a l  i s  a 

funct ion of t he  Z of t he  ma te r i a l  

p a r t i c l e .  The r a t i o  of r a d i a t i o n  

given by 
E Z  m 

and the  energy, E, of t he  be ta  

l o s s  t o  ion iza t ion  l o s s  i s  
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For tungsten with a 2 of 74, the r e s u l t a n t  energy spectrum of 

the  r ad ia t ion  l o s s  i s  shown i n  f i g u r e  37. The bremsstrahlung 

spectrum w i l l  be s h i f t e d  t o  lower energies  but  f o r  conservatism 

i n  t h i s  ana lys i s  i t  i s  assumed t h a t  t h i s  curve i s  the  r e su l t an t  

bremsstrahlung spectrum. 

generated per  100 d i s in t eg ra t ions  i s  the  r a t i o  of  the  area under 

The number of bremsstrahlung photons 

the  bremsstrahlung spectrum t o  the be ta  spectrum times the  3.15 

MeV be ta  abundance. 

photon abundance of 11.2 photons/100 d is in tegra t ions .  

This computation gives  a bremsstrahlung 

Source Spectrum a f t e r  Capsule and Skin Attenuation 

The a t tenuat ion  provided by the  s t e e l  capsule and skin i s  

computed from the  following equation: 

-CI,PcXc - CISPSXX 
Ka = e (37) 

where CIc, Pc, and xc are the mass absorpt ion coef f ic ien t ,  

densi ty ,  and thickness  of the  steel capsule;  and wS, p,, and xs 

a r e  the  mass absorpt ion coef f ic ien t ,  densi ty ,  and thickness  of 

the  f i b e r g l a s s  skin.  The following t a b l e  I1 shows the  a t t en -  

ua t ion  of the  var ious gamma components. The a t tenuat ion  of  the 

bremsstrahlung component i s  computed versus  energy, and p l o t t e d  

i n  f i g u r e  38. 

curves 1 and 2. 

The value of Ka i s  the  r a t i o  of  t he  areas under 
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TABLE I1 

ATTENUATION BY CAPSULE AND SKIN 

' Number per 100 
Disintegrations 
after Attenuation 

~ 

Number per 100 
Disintegrations 
before Attenuation I Energy 

MeV 
Attenuation 
Factor, Ka 

.134 

.695 

1.48 

2 18 

.. 30 

3 

1.2 

3 

.69 

.86 

.90 

.92 

11.2 I .90 I bremsstrahlung 

20.7 

2 . 6  

1.1 

2.8 

10.1 

Attenuation by Modulating Shield 

The attenuation by the modulating shield is computed from 

the equation 

Ka = e +mPmxm 

where p 

and thickness of the tungsten modulating shield, respectively, 

Table 111 shows the attenuation of the various gamma components. 

The bremsstrahlung attenuation factor is determined by the ratio 

of the areas under curves 2 and 3 of figure 38. 

and xm are the mass absorption coefficient, density, m' 'm, 
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TABLE 111 

ATTENUATION BY MODULATING SHIELD 

Number per  100 
Energy Disintegrat ions Attenuation 
MeV before Attenuation Factor ,  Ka 

.134 20.7 2 10-5 

.695 2 . 6  .614 

1 .48  1.1 .763 

2.18 2.8 .793 

bremsstrahlung 10 .1  .73 

TOTALS 37 .3  

Number per  100 
Dis in tegra t ions  

a f t e r  Attenuation 

.0004 

1 . 6  

0 .8  

2.2 

7 . 4  

1 2 . 0  

Ratio of Shield Open t o  Shield Closed 
’ 

Referring t o  t a b l e  111, it i s  evident  t h a t  per  100 d i s i n t e -  

gra t ions  there  a r e  37 .3  photons ava i l ab le  fo r  s c a t t e r i n g  with 

the  sh i e ld  open and 1 2 . 0  ava i l ab le  with the  sh i e ld  closed, giving 

an open/closed r a t i o  of 3 . 1  t o  1. 

Experimental measurements of the  spectrum from the  t e s t  

source mounted i n  the  nose cone were taken with the  s h i e l d  open 

and closed t o  ve r i fy  t h i s  r a t i o .  

f i gu re  39,  showing the  spectrum measured perpendicular  t o  the 

vehic le  axis  and a t  an angle of 45 degrees from the  vehic le  ax i s .  

The r a t i o  of a reas  under the spectra  above 100 keV was measured 

and compared, giving ac tua l  r a t i o s  of 6 t o  1 a t  90 degrees and 

3 t o  1 a t  45 degrees. 

The r e s u l t s  a r e  i l l u s t r a t e d  i n  
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The t h e o r e t i c a l  p red ic t ion  of a 3 : l  r a t i o  a t  a 90" angle  

compares with the 6:l r a t i o  obtained experimentally.  

of two d i f fe rence  i s  probably due t o  t h e  f a c t  t h a t  t he  

bremsstrahlung r a d i a t i o n  spectrum i s  a c t u a l l y  lower i n  energy 

than assumed i n  t he  t h e o r e t i c a l  a n a l y s i s  and i s  thus more e f -  

f e c t i v e l y  at tenuated by t h e  sh i e ld .  Also, t h e  bremsstrahlung i s  

n o t  a l l  generated by i n t e r a c t i o n  with tungsten but  some by i n t e r -  

ac t ion  with C e r i u m  Oxide and steel ,  lower Z ma te r i a l s .  This 

reduces the re la t ive amount of h igh  energy gammas, making the  

modulating sh ie ld  more e f f e c t i v e .  

The f a c t o r  

The angular e f f e c t  i s  seen t o  be very pronounced, comparing 

the  90" t e s t  data  and t h e  45" tes t  da ta .  A t  45" a l l  the  a t t e n -  

ua t ion  paths a r e  1 .4  t i m e s  longer, reducing the  low energy com- 

ponent ava i l ab le  f o r  s c a t t e r .  

s h i e l d  open/closed r a t i o  t o  3 t o  1. 

agrees  w e l l  wi th  t h e  3 t o  1 r a t i o  obtained i n  t h e  f l i g h t .  

This consequently reduces t h e  

This experimental data  

Background Estimate 

The d i r e c t  transmission from t h e  source t o  t h e  de t ec to r  

through the  23.1 cm tungsten s h i e l d  i s  estimated by considering 

the  2.18 MeV gammas and the  bremsstrahlung gammas. 

energies  a re  neg l ig ib l e  by comparision a f t e r  a t t enua t ion .  

a t t enua t ion  of t he  2.18 MeV gammas i s  given a s  

A l l  lower 

The 

- = D e  - . 0 4 3 ~ 1 7 . 7 ~ 2 3 . 1  = De -17.6 
K1 - 

The dose buildup f ac to r ,  D, i s  7.0 f o r  a wpx of 17.6, giving 
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The absorption of the  bremsstrahlung component i s  determined 

by the  r a t i o  of a reas  under curves 1 and 4 of f igu re  38, giving 

K2 = l . l 7 ~ l O - ~ .  The t o t a l  d i r e c t  transmission, It, from a 50 

c u r i e  source i s  found from the following 

where: 

Io = Source s t rength  = 50 c u r i e s  x 3 . 7 ~ 1 0 ~ '  d i s in t eg ra t ions /  

s ec / cu r i e  
2 Ad = Detector area = 57 cm 

r = Distance from source t o  de tec tor  = 43 cm 

al = Abundance of 2.18 MeV gammas = .03 per  d i s in t eg ra t ion  

a2 = Abundance of bremsstrahlung gammas = .112 per  

d i s in t eg ra t ion  

- 50x3. 7x1010x 57 ( .03x1.54~10-~+.  1 1 2 x 1 7 ~ 1 0 ~ ~ )  = . 21 pps 
4n432 It - 

The bremsstrahlung component i s  small compared t o  the  2.18 MeV 

gamma. 

The background due t o  mul t ip le  skin s c a t t e r  from the  source 

t o  de tec tor  i s  estimated w i t h  the  following assumptions: 

Gammas ava i l ab le  given i n  Table 11. 

Ten percent  of these ava i l ab le  gammas reach the  

skin with the  modulating sh ie ld  open. 

S c a t t e r  takes  place i n  skin. 

Transmission takes place down the skin with ab- 

sorption. 

1. 

2. 

3. 

4. 
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5. Second s c a t t e r  takes  place i n  the  v i c i n i t y  of t h e  
@ 

detec tor .  

6 .  Twenty-five percent of these  secondary s c a t t e r e d  

gammas reach t h e  de t ec to r  and a r e  counted. 

The following t a b l e  IV shows t h e  c a l c u l a t i o n  of mul t ip l e  

skin s c a t t e r .  

thickness,  and density, of t h e  skin near  t h e  source. 

r a r e  the  absorption c ros s  sect ion,  densi ty ,  and d is tance  f o r  

os, x l J  and p S  a r e  the  s c a t t e r i n g  c ros s  sect ion,  

pa, p s ,  and 

absorption i n  the  skin from the  region of t h e  source t o  the  

region of the  de tec tor .  

sect ion,  density,  and length of the  sk in  i n  the  v i c i n i t y  of the  

de tec tor  ava i l ab le  f o r  a second # s c a t t e r i n g  event ,  These quant i -  

os, ps ,  and x2 a r e  the  s c a t t e r i n g  c ros s  

t i e s  a r e  combined a s  follows: 
-w,r 

where 

Iss = skin s c a t t e r e d  r ad ia t ion  t o  the  d e t e c t o r  

= source s t r eng th  = 50 c u r i e s  x 3.7 x 101O*dis- IO 

i n t eg ra t ions / sec  

G1 

G2 

= f r a c t i o n  of gammas reaching sk in  = 0.10 

= inverse  square l o s s  from f i r s t  s c a t t e r  t o  second 

s c a t t e r  
- Skin c ros s  s e c t i o n a l  a r e a  
- 4  TT (d is tance  from f i r s t  t o  second s c a t t e r )  G2 

G3 = f r a c t i o n  of second s c a t t e r e d  gammas reaching 

de tgc tor  = 0.25 
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L e t  

'SPSx2 

.22 

.16 

.22 

.53 

1.04 

K = 3.7 x lolo x 50 x .1 x 1-23 x x .25 

Is, 
PPS 

825 

275 

89 

220 

40 

7 = 5.7 x 10 

# per 
D i s i n t e g .  

TABLE I V  

2 asPsxl 
cm /gm 

CALCULATION OF MULTIPLE SKIN SCATTER 

B r a s .  gammas 

2.18 MeV " 

1.48 MeV I t  

.695 MeV I' 

,134 MeV 

1 I 1 

. 111 .025* .027 

.030 .018 .02 

.012 .025 .027 

.030 .05 .055 

.300 .12 .132 

.05 

.04 

.05 

.07 

.15 

3.8 .022 

3.0 .05 

3.8 .022 

5.2 .0054 

11.0 

/gm 

TOTAL - 1449 
PPS 

* A s s u m i n g  1.5 Mev 
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The r e su l t an t  count r a t e  i s  1449 pps. Dividing by 16  gives  

91 pps, which i s  the  same order  of magnitude a s  t h e  background 

measured during the  f l i g h t  a t  apogee (110 pps) .  Notice t h a t  the  

major contr ibutor  i s  from t h e  be ta  bremsstrahlung. 

When the  modulator s h i e l d  i s  open t h e r e  i s  less tungsten i n -  

t e r rup t ing  the  beta  p a r t i c l e s  and thus  less r e s u l t a n t  bremsstrah- 

lung. 

Experimental Ver i f i ca t ion  of Bremsstrahlung Component 

The presence of t h e  be ta  bremsstrahlung component of gamma 

rad ia t ion  was v e r i f i e d  by measuring the  r a d i a t i o n  spectrum from 

the  t e s t  source with var ious  lead  absorber thicknesses  placed 

between i t  and the  de t ec to r .  The a c t u a l  a t t enua t ion  was compared 

wi th  t h e  theo re t i ca l  a t t enua t ion  a t  severa l  energies .  A t y p i c a l  

curve i s  shown i n  f i g u r e  40. This d a t a w a s  compiled a t  severa l  

energies  and t h e  percent  bremsstrahlung generat ion determined a s  

a function of absorber thickness .  This da ta  i s  shown i n  f i g u r e  

41. The equivalent tungsten thickness  i s  shown f o r  reference.  

Thts data  v e r i f i e s  a s i g n i f i c a n t  generat ion of bremsstrahlung 

r ad ia t ion .  

Conclusions 

It i s  concluded t h a t  t he  e f f ec t iveness  of t h e  source modu- 

l a t o r  i s  hampered by the  s i g n i f i c a n t  amount of high energy gammas 

and bremsstrahlung gammas from the  Cerium-144 source, thus lower- 

ing  the  source modulator open/closed r a t i o ,  

It i s  concluded t h a t  the l a r g e  background a t  apogee i s  due 

t o  mul t ip le  sk in  s c a t t e r  of t h e  high energy gamma f l u x  from t h e  
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EXPERIMENTAL DATA /- AT 1.0 MeV 

BREMSSTRAHLUNG 

THEORETICAL ' \  DOSE BUILD-UP 
EXPONENTIAL \ 
ABSORPTION 

I I I I I I I I 

0 2 4 6 8 
ABSORBER THICKNESS, px  gm/cm2 

Figure 40 - Typical Absorber Characteristics 

I l lustrat ing  Bremsstrahlung Radiation 
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0 

EQU IVlL ANT THICK NE S S 
SOURCE MODULATING SHIELD 
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I 
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I 

I 
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MeV 

MeV 

MeV 

MeV 
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MeV 
7- I I I I I I I I 

0 2 4 6 8 

ABSORBER THICKNESS, p y  gm/cm2 

Figure 41 - Percent Bremsstrahlung Generation 

Versus Absorber Thickness a t  Several  Energies 
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source t o  the detector.  

lung gammas has been verified experimentally. 

The presence of high energy bremsstrah- 
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APPENDIX B 

-- 
T 

F LI( 
T i m e  

hr:rnin:sec) - + 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
t 

+ 
+ 
+ 
- 

14 :  01: 27.6 
28 .6  
29 .6  
30.6 
31.6 
32 .6  
33 .6  
34.7 
35.7 
36.7 
37.7 
38.7 
39.7 
40.7 
41.7 
42.7 
43.7 
44.8 
45.8 
46 .8  
47 .8  
48 .8  
49 .8  
50 .8  
51 .8  
52.9 
53.9 
54.9 
55 .9  
56 .9  
57 .9  
58.9 
59 .9  

1 4 : 0 2 : 0 0 . 9  
01 .9  
03.0 
04.0 
05 .0  
06 .0  
0 7 . 0  
0 8 . 0  
09 .0  
10.0 
11.0 
12 .0  
13 .1  
1 4 . 1  
1 5 . 1  
1 6 . 1  
1 7 . 1  

E 
7I172 

450 
774 
3 39 
522 
288 
376 
242 
2 9 1  
228 
234 
200 
211  
19 3 
19 5 
186 
17 8 
188 
17 1 
169 
159 
178 
169 
178 
154 
184  
156 
16 8 
145 
173 
148 
175 
147 
1 7 1  
150 
179 
153 
176 
146 
172 
150 
170 
142 
173 
147 
172 
143 
180 
150 
16 7 

A 
352 
202 
266 
158 
197 
1 4 1  
155 
1 2 1  
124 
114 
109 
104 

96 
100 

95 
97 
86 
100 

89 
88 
82 
94  
90 
97 
80 
96 
84 
89 
77 
94  
77 
99 
75  
9 4  
76  
92 
7 9  
92 
75 
94  
8 1  
92 
75 
9 1  
80 
9 1  
78  
96 
7 8  
9 1  

I 

E-A 
820 

248 
508 
18 1 
325 
147 
221  
12 1 
167 
114 
125 

96 
115 

93 
100 

89 
92 
88 
82 
8 1  
77 
84  
79 
8 1  
7 4  
88 
72 
79 
68 
79 
7 1  
76 
72 
77 
7 4  
87 
7 4  
8 4  
7 1  
78  
69 
78 
67 
32 
67 
8 1  
65 
84  
72 
76 

C 
658 
311  
469 
2 5 1  
328 
19 6 
254 
169 
202 
152 
16 3 
133 
138 
130 
1 3 1  
1 2 1  
117 
1 2 1  
115 
118 
109 
113 
102 
116 
104 
111 
108 
118 
104 
118 

98 
114 

96 
114 

95 
112 

95 
112 
104 
112 
95 

119 
98  

116 
94  
117 
100 
117 

97 
112 

1 JAN 
es p e  

1 2  
-255 
1 5 4  
194 
120 
137 
102 
114 
9 3  
89  
82 
82 
7 1  
68  
7 4  
7 0  
68  
65 
7 0  
6 4  
6 8  
59 
63  
58  
67 
60 
65 
59 
67 
58 
69 
57 
68  
56 
6 4  
5 4  
63  
55 
6 4  
59 
67 
53 
7 0  
57 
67 
56 
67 
58 
7 0  
55 
65 

4RY 1 
Seta 
I1 

c- 12  
Tn- 

15 7 
275 
1 3 1  
19 1 

94 
140 

76 
113 

70  
8 1. 
62 
70  
56 
6 1  
53 
52 
5 1  
5 1  
50 
50 
50 
44 
49 
44 
46 
49 
5 1  
46 
49 
4 1  
46 
40 
50  
4 1  
49 
40 
48 
45 
45 
42 
49 
4 1  
49 
38 
50  
42 
47 
42 
47 

- - 
I+II m 

405 
783 
312 
516 
2 4 1  
3 6 1  
197 
280 
184  
206 
158 
185 
149 
1 6 1  
142 
1 4 4  
139 
133 
1 3 1  
127 
134  
123 
130 
118 
134 
12  1 
130 
114 
128 
112 
122 
112 
127 
115 
136 
114  
132 
116 
123 
111 
127 
108 
1 3 1  
105 
1 3 1  
107 
1 3 1  
114 
12 3 

d t i tudc  
(kd 
18.'36 

20.42  
21 .9  
23 .4  
24 .8  
26 .2  
27.6 
29 .2  
30.6 
32 .0  
33.4 
34.7 
36 .1  
37.4 
38.7 
40.0 
41 .3  
42.7 
44.1 
45.3 
46.5 
47 .8  
4 9 . 1  
50.3 
51 .5  
52.8 
54 .1  
55 .3  
56.5 
57.6 
58.8 
59 .9  
61.2 
62.2 
63 .4  
64.6 
65.7 
66.8 
67 .9  
6 9 . 1  
70 .0  
7 1 . 1  
72 .2  
73 .2  
7 4 . 1  
75 .2  
76 .3  
77 .3  
78 .3  
7 9 . 3  

(+ denotes sh ie ld  open) 
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FLIC 
Time 

:hr:min:sec) 

21.2 
22.2 
23.2 

I 
E- A 
/I 
75 
72 
76 
64 
88 
65 
80 
78 
83 
69 

69 
78 

+ 
+ 

C 
10 1 

- 116 
94 
112 
103 
118 
97 
118 
99 
118 
101 

101 
117 + I  

139 
173 

177 
143 
178 
149 

156 

24.2 
25.2 
26.2 
27.2 

74 
93 

94 
74 
100 
80 

7a 

28.2 
29.3 + I  30.3 

APPENDIX B - Continued 
T TEST DATA + 

(+ denotes shield open) 

JAN 
EL@ 
- 

%T- 
66 
56 
64 
58 
68 
54 
68 
55 
65 
59 
68 
58 

ARY 1 
FSG 
fr 
c- 12 
42 
50 
38 
48 
45 
50 
43 
50 
44 
53 
42 
49 
43 

66 . 

nd -f Altitude 
I+II (kd 
113 80.2 
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APPENDIX B - Continued 
FLIGI 

Time 
hr:min:sec) - 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
3. 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 

$:U5:31.1 
32.1  
3 3 . 1  
34.2 
35.2 
36.2 
37 .3  
38.3 
39 .3  
40 .3  
4 1 . 4  
42 .4  
4 3 . 4  
44.4 
45.4  
4 6 . 4  
47.5 
48 .5  
49 .5  
50 .5  
51.6 
52.6 
53.6 
54 .6  
55.7 
56.7 
57 .7  
58 .7  
59.7 

4 : 0 6  : 00.7 
0 1 . 8  
02 .8  
03.8 
04 .8  
05.9 
06 .9  
07 .9  
08 .9  
10.0 
11.0 
12 .0  
13 .0  
14.1 
1 5 . 1  
1 6 . 1  
1 7 . 1  
18.1 
1 9 . 1  
20.2 

TES' 
Out 
- - 

7%- 
145 
177 
143 
173 
143 
176 
154 
172 
143 
160 
145 
1 8 1  
144 
170 
140 
173 
138 
179 
146 
173 
147 
173 
1 5 1  
176 
146 
169 
188 
177 
158 
173 
148 
164 
147 
176 
159 
1 8 1  
1 5 1  
169 
1 6 4  
173 
157 
173 
16 5 
176 
168 
178 
177 
187 

DATA m 
A 
91 

79 
95 
78  
9 1  
78 
96 
88 
96 
80 
87 
77 

109 
79  
92 
76 
96 
75 

1 0 1  
79 
99 
83 
92 
8 1  
93  
78  
9 1  
87 
95 
83 
95 
79  
98 
83 
95 
86 
93 
80 
90 
86 
95 
87 
93 
90 
95 
89 
98 
90  
100 

- 
TEST 
;e Ra 
I 

E- A 
7 - 8 -  

66 
82 
65 
82 
65 
80 
66 
76  
63  
7 3  
68 
72  
65 
7 8  
6 4  
77 
63  
7 8  
67 
7 4  
64  
8 1  
7 0  
83 
68 
7 8  

101 
82 
75 
7 8  
69 
66 
64  
8 1  
7 3  
88 
7 1  
79  
78  
7 8  
7 0  
80 
75  
8 1  
7 9  
80 

' 87 
87 

)AT E 

43-  
99 

111 
100 
116 
10 4 
117 
10 7 
120 
100 
109 

96 
1 2 4  

97 
111 
99  

115 
102 
117 
100 
12 3 

9 8  
114 
102 
111 
109 
122 
106 
113 
10 7 
1 2 4  

97 
113 
103 
117 
100 
1 2 1  
10 6 
118 
10 8 
120 
110 
127 
109 
120 
113  
12  1 
117 
1 2 4  

1 JAN1 
.ses E 

1 2  
67 

60  
65 
57 
66 
59 
67 
60 
69 
60 
65 
59 
7 0  
60  
68 
60 
67  
59 
68  
58 
7 1  
56 
69 
62  
67 
6 4  
72  
60 
68  
63  
7 3  
58  
66 
60  
7 1  
59 
84  
62  
68 
63  
72  
62 
72 
6 4  
7 1  
62 
68 
65 
7 4  - 

RY 1s Tsz 
I1 

c- 12  
48 

39 
46 
43 
50  
45 
50 
47 
5 1  
40 
4 4  
37 
54  
37 
4.1 
39 
48  
43 
49 
42 
52 
4 2 .  
45 
40 
4 4  
45 
50 
46 
45 
44 
5 1  
39 
57 
43 
46 
41 
37 
44 
50 
45 
48  
48 
55 
45 
49 
5 1  
53 
52  
50  

- 
-- I-I-I1 
1 2  6 
105 
12 8 
10 3 
132 
110 
130 
113 
127 
103 
117 
105 
126 
102 
1 2 1  
103 
125 
106 
12  7 
109 
126 
106 
126 
110 
127 
113 
12  8 
147 
127 
119 
129 
108 
123 
107 
127 
114 
125 
115 
129 
123 
126 
118 
135 
120 
130 
130 
133 
139 
137 

-lxEiiz 
(km) 
r 
9 2 . 1  
91 .2  
90 .4  
89 .5  
88 .5  
87 .3  
86 .4  
85 .4  
84 .5  
83.5 
82.6 
81.7 
80.8 
79 .8  
78 .8  
77.7 
76 .8  
7 5 . 9  
74.7 
73.7 
72.7 
71 .8  
70 .6  
69 .6  
68 .5  
6 7 . 5  
66 .3  
65 .2  
64 .2  
62 .5  
61 .3  
60 .2  
5 9 . 1  
57.9 
56.7 
55.6 
54.3 
53.2 
52.0 
50 .8  
49.6 
48 .3  
4 7 . 1  
45.9 
44.6 
43 .3  
42 .1  
40 .8  

120 (+ denotes shield open) 



Time 
(hr:min: sec) * 
+ 14:06:21.2 

22.2 + 23.2 
24.3 + 25-3 
26.3 + 27.3 
28.4 + 29.4 
30.4 + 31.4 
32.5 + 33.5 
34.5 + 35.5 
36.5 + 37-5 

APPENDIX B - Continued 
Output Pul se Rates (Pul ses per Second) Altitu 

I XI 

189 91 98 12 6 69 55 
192 107 85 132 77 z; t40 33::; 
213 101 112 148 78 70 182 37.0 
195 101 94 132 74 58 152 35.0 
237 114 123 156 79 77 200 33.6 
219 115 104 148 92 56 160 32.4 
276 122 154 187 93 94 248 31.1 
234 120 114 164 94 70 184 29.6 
359 156 203 248 119 129 332 28.35 
282 135 147 194 114 80 227 27.0 
492 192 300 310 144 166 466 25.65 
332 165 167 234 125 109 276 24.3 
680 252 428 429 182 247 675 22.95 
420 199 221 302 155 147 368 21.6 
948 429 519 590 240 350 869 20.25 
1547 263 1284 384 194 190 1474 18.9 
1287 427 860 750 374 376 1236 17.5 

E A E-A C 12 c-12 IiII 

(+ denotes shield open) 
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